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Little is known about the kinetic limitations of the polymerase chain reaction (PCR).
Advancements in chemistry and instrumentation have increased its speed and specificity.
Further improvements will be facilitated by a more complete understanding of the rates of
the individual reactions that comprise PCR. A continuous fluorescent assay is developed to
study DNA polymerase extension. Nucleotide incorporation is monitored with noncovalent
DNA dyes using a defined hairpin template. The extension rate is measured in nucleotides
incorporated per second per molecule of polymerase and has greater relevance to PCR than
traditional activity methods. This assay was developed and validated on a stopped-flow
instrument and subsequently adapted for real-time PCR instruments to extend its utility to
any laboratory setting. The influences of a variety of buffer components were determined
and optimal conditions for fast polymerase extension are recommended. The incorporation
rates of each nucleotide were determined and extension was found to depend on template
sequence. When DMSO was included in the reaction to reduce inhibition from secondary
structure, extension rates of random sequences were closely approximated by their base
composition. Extension rates as a function of temperature were determined and were applied
to a kinetic model. This model accounts for extension during temperature transitions and
more accurately portrays fast PCR with rapid thermal cycling. A complete model of PCR
based on differential equations derived from mass action equations is provided. This can be
used to incorporate experimentally derived parameters obtained for the other reactions of
PCR. Knowledge of the temperature and chemistry dependence of reaction rates will enable
improved thermal cycling and solution conditions for more rapid and efficient PCR.
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1.1 Advancements in the Speed of PCR
The introduction of the polymerase chain reaction (PCR) revolutionized molecular
biology. First developed in the mid-1980s [1], this technique allowed analysis of DNA in a
fraction of the time and with orders of magnitude greater sensitivity than other methods
available at the time such as cloning and Southern blotting [2]. PCR continues to benefit
from technological advancements, increasing its speed and sensitivity. Initially, thermal
cycling was accomplished by manually transferring reaction tubes between water baths set
at different temperatures [3]. Because a heat-labile polymerase was used (commonly the
Klenow fragment of DNA polymerase from Escherichia coli), additional polymerase was
required after each cycle. PCR typically required more than 4.5 h for 35 cycles.
Time requirements for PCR were greatly reduced with the use of a thermostable DNA
polymerase from Thermus aquaticus [4]. Because the polymerase did not need to be
replenished, PCR could be automated with block thermal cycling machines. This allowed
PCR to be accomplished in less than half the time, with 35 cycles typically completed in
1.5 to 2 h. Further advancements were accomplished with instrumentation. Rather than
thermal cycling microcentrifuge tubes with metal blocks, reactions have been placed in thin
glass capillaries and heated and cooled with forced air [5], [6]. This enabled PCR in less
than 15 min. Not only did rapid thermal cycling reduce time requirements, it also improved
PCR by amplifying DNA with greater yield and specificity [7].
Additional instrumentation configurations have been developed. These include microflu-
idic and continuous flow designs [8]–[14], shuttle PCR [15]–[17], magnetic flow systems
with ferrofluid [18], micro-electro-mechanical systems (MEMS) [19], [20], and droplet and
emulsion PCR [21]–[23] including amplification on beads for second generation sequencing
[24], [25]. Thermal cycling has been accomplished with thin-film resistors [26], [27], infrared
lamps [28]–[31], electrically conductive buffers [32], and liquid gallium [33]. These designs
address a number of factors including throughput, cost, and miniaturization. However, the
2common objective of most instrumentation modifications is to reduce time requirements.
Advancements in PCR speed have been accomplished with several systems, demonstrating
DNA amplification in under 5 min [13], [16], [18], [27], [29], [33]. PCR will continue to
improve through advancements in both chemistry and instrumentation.
1.2 The Need for Speed
Fast PCR is not just a luxury, but an essential asset in medical diagnostics. This
is especially true for infectious disease. Hospital acquired infections have become a great
burden on the healthcare system. These occur in about 1 in 20 hospitalizations [34] with one-
third of those resulting in readmission [35]. The annual cost of these infections in the United
States is estimated at between 5 and 10 billion dollars [36]. This has led many hospitals to
implement screening procedures for a variety of problematic infections. Screening is only
feasible with rapid and cost-effective molecular assays. High sensitivity, low cost, and speed
of PCR-based methods make them especially suited for this purpose. These have been
used for screening of vancomycin-resistant Enterococcus [37], [38], Clostridium difficile [39],
methicillin-resistant Staphylococcus aureus [40]–[43], Klebsiella pneumoniae [44], [45], and
Mycobacterium tuberculosis [46], [47].
Rapid diagnostics are also essential for surveillance and management of influenza out-
breaks. Clinics and laboratories are already heavily burdened with seasonal influenza. Im-
proved diagnostic tools are needed to cope with potential endemic and pandemic outbreaks.
PCR-based methods are viable solutions as they require little expertise to perform and are
quickly adaptable to rapidly evolving pathogens. Since the pandemic outbreak of 2009
influenza A H1N1, PCR-based methods have become the primary techniques for tracking
and diagnosing influenza [48]. Increasing the speed of PCR will bring screening solutions
closer to the point of care, improving management of infectious disease and decreasing
healthcare costs. This will be facilitated by a thorough understanding of PCR kinetics.
1.3 A More Accurate Model of PCR Kinetics
Understanding the kinetics of PCR is essential to realizing its full potential. PCR
consists of three main reactions—denaturation of template DNA, annealing of DNA primers
to the template, and extension of primed template by DNA polymerase. Amplification
of DNA is accomplished by thermal cycling between the optimal temperatures for these
reactions. Traditionally, PCR is viewed from an equilibrium paradigm (Figure 1.1). The
three reactions are thought to occur independently at defined temperatures. Only hold times
at set temperatures are considered while transitions between temperatures are neglected.
3However, PCR is more accurately considered from a kinetic paradigm, especially in the
case of rapid thermocycling. More time is spent in transition between temperatures than
at any individual temperature. The three reactions of PCR overlap with rates that vary as
a function of temperature.
A more complete understanding of PCR can be obtained by measuring the kinetics of
each reaction in isolation. The rates of reactions can be determined in a variety of buffer con-
ditions over a range of temperatures relevant to PCR. This would allow identification of rate
limiting processes and optimal conditions. Improved buffer chemistries and instrumentation
with optimal thermal cycling parameters can be developed to achieve PCR with maximum
speed and specificity. The work presented here isolates DNA polymerase extension and
measures the rates of this reaction under a variety of conditions. This is accomplished with
the development of a new assay for polymerase activity. This assay represents a significant
improvement over the standard method used to measure polymerase activity.
1.4 The Standard Polymerase Activity Assay
The most common assay for polymerase activity was first used in the discovery of
DNA polymerase [49]. Enzyme fractions were combined with radiolabelled dNTPs and
calf thymus DNA as the extension template. Polymerization of the radiolabelled dNTPs
formed an acid-insoluble product. After incubating the reaction for 30 min, the reaction
was quenched. The DNA product was precipitated with acid, rinsed, and assayed for
radioactivity. Radioactivity measurements were correlated to polymerase activity. This
method is in frequent use today and has remained almost unchanged. It has been used to
characterize the activity of a wide variety of polymerases [50]–[54], and is currently the only
assay used to measure the activity of polymerases used for PCR.
Early in the development of this assay, activated DNA was established as the extension
template [55]. Activated DNA is prepared by enzymatic digestion or mechanical shearing
of genomic DNA, usually from salmon sperm or calf thymus. The result is a random
and heterogenous mixture of single-stranded and double-stranded DNA. The template for
extension cannot be standardized. This is quite different from PCR in which polymerase
extends a template of defined length and sequence. Some studies have altered the radioactive
assay by using a defined template with primers [56]–[58]. One study compared activity
measured with activated DNA and a defined template for two polymerases [56]. Both
polymerases exhibited changes in activity with temperature optimums differing by as much
as 10◦C between the two templates. Activity measurements using a defined template will
4more accurately reflect the kinetics of PCR.
The standard radioactive assay provides end-point measurements. It is incapable of
providing initial rates of nucleotide incorporation that exist during PCR. In addition, the
units of activity are not intuitive. Activity is described as the amount of radiolabelled
nucleotides converted into acid-precipitable material in a given length of time. With such
an obscure definition, it is difficult to know how a polymerase will perform in amplification
of a defined template during PCR.
1.5 Alternative Polymerase Activity Assays
While the standard radioactive assay is commonly used to characterize the activity of
polymerases, it is not commonly used in detailed kinetic studies. This is likely due to the
drawbacks of a heterogenous template and end-point measurements. Several additional
assays have been developed.
1.5.1 Quench-Flow
Quench-flow is capable of monitoring fast reactions. Reactants are rapidly mixed and
quenched with ethylenediaminetetraacetic acid (EDTA) at specified time points. Either
radiolabeled dNTPs or primers are used. Products are collected on filter paper or resolved
on polyacrylamide gels and the radioactivity assessed. Radioactivity as a function of time
is plotted and fit to kinetic models to obtain nucleotide incorporation rates. This technique
has been used to measure extension rates of DNA polymerases [59], [60], RNA polymerases
[61]–[63], and reverse transcriptase enzymes [64], [65]. Detailed kinetic mechanisms have
been elucidated with this method. However, it is laborious and time-consuming and unlikely
to be adopted as a general activity assay.
1.5.2 Stopped-Flow
Continuous monitoring of product formation makes stopped-flow methods a more con-
venient alternative to quench-flow. There is no need for radiolabeled reagents or analysis of
products on gels. Several methods have been used to monitor polymerase extension. The
fluorescent base analog 2-aminopurine has been placed within the extension region of the
template [61], [66]–[68]. The fluorescence of the base is quenched upon incorporation of
the complementary nucleotide and can be monitored during extension. Rates can only be
measured for bases complementary to 2-aminopurine.
Incorporation of nucleotides is accompanied by the release of pyrophosphate. One study
took advantage of this to follow polymerase extension indirectly [63]. An enzyme-coupled
5reaction converted pyrophosphate to a product that could be measured by absorbance.
Another study used fluorescence polarization [69]. The extension template was labeled with
fluorescein. As the template was elongated, the end of the strand became more restricted
and anisotropy increased. These assays are capable of measuring fast reactions, but require
modified template or additional reagents not used in PCR.
1.5.3 Microtiter Plate Format
Activity assays adapted for microtiter plates greatly increase throughput. The stopped-
flow fluorescence polarization assay discussed previously was initially developed on a fluo-
rescence microplate reader [70]. Because the speed of polymerization was faster than the
time required for temperature equilibration, this assay was only capable of end-point mea-
surements. Misincorporation of noncomplementary bases could be monitored in real-time.
A radioactive assay was developed for a microtiter plate format [71]. This measures the
incorporation of radiolabelled dNTPs into extension templates that are immobilized on well
surfaces. The reaction is quenched with EDTA at different time points and the radioactivity
measured. This is not a continuous assay and multiple experiments must be performed to
obtain kinetic data.
1.5.4 Benchtop Fluorometer and Spectrophotometer
The accessibility, convenience, and cost of assays are improved with the use of common
laboratory instrumentation. Polymerase activity assays have been developed for fluorom-
eters and spectrophotometers available to most laboratories. One assay relied on the
intrinsic fluorescence of single-stranded binding protein [72]. Saturating amounts of the
protein were added to the extension template. As the template is extended, single-stranded
binding protein is displaced and the intrinsic fluorescence of the protein increases. An
enzyme-coupled reaction was developed for a spectrophotometer [73]. Like the stopped-flow
assay discussed earlier, pyrophosphate was converted to a product that could be monitored
by absorbance. Activated calf thymus DNA was used as the template. Both of these are
continuous assays capable of providing initial rates but are complicated by the need for
additional reagents.
Fluorescent probes were used to screen the activity of T7 RNA polymerase variants [74].
Molecular beacons were designed complementary to transcripts formed by RNA polymerase
from a synthetic DNA template. Molecular beacons hybridize to the transcripts as they
are produced, resulting in an increase in fluorescence. Activity is expressed as the number
of molecular beacons recognizing a transcript per min per mg of polymerase. Absolute
6extension rates are not obtained. Activity measurements obtained with this assay may be
influenced by hybridization kinetics of the molecular beacon.
Another spectrophotometer assay was based on light scattering [75]. As the template is
extended, the scattering of the reaction solution increases by 10%. Despite being a contin-
uous assay, no kinetic constants were calculated. This may have been due to difficulties in
calibration because of high light scattering background.
1.5.5 Microscopy
The activity of RNA polymerase was measured with light microscopy [76]. Polymerase
molecules were attached to glass coverslips by nonspecific adsorption and extension tem-
plates were attached to gold particles. Extension was monitored by acquiring images
averaged over 2 s intervals. The length of extension was correlated to the range of Brownian
motion of the particles. Lengths of extension as a function of time provided extension rates.
The effect of nonspecific adsorption on activity of the polymerase is unknown.
The activity of the Klenow Fragment polymerase was measured with fluorescence mi-
croscopy [77]. Template was immobilized on glass coverslips. The template contained
a hairpin structure downstream from the primer. The hairpin kept a fluorophore and
a quencher in close proximity. As the polymerase extended the template, the hairpin was
opened and fluorescence increased. Gradual opening of the hairpin during extension allowed
real-time monitoring of nucleotide incorporation.
An optical trap assay was used to measure the extension rate and mechanical force
associated with extension of T7 polymerase [78]. Both ends of the template were attached
to beads. One end was immobilized with a glass pipette and the other was held with an
optical trap. Extension was monitored by imaging the distance between the beads as a
function of time. These distances were compared to the distance of beads with double or
single stranded DNA to obtain extension rates. All of these methods obtain extension rates
at a single-molecule level but are technically difficult to perform.
1.5.6 Quartz Crystal Microbalance
Quartz crystal microbalance uses thin quartz wafers to measure changes in mass. The
quartz oscillates with an applied alternating current. The frequency of oscillation decreases
as mass is accumulated. This technique was used to monitor extension of immobilized tem-
plate [79]. Klenow Fragment was first equilibrated to achieve a baseline. Then dNTPs were
added and the change in frequency observed. Calibration provides correlation of changes in
frequency to increases in mass. This allowed calculation of nucleotide incorporation rates
7from the initial slopes of frequency decreases during polymerase extension. In this study,
the extension of the majority of templates could not be monitored. This may be due to
reduced sensitivity as the signal from addition of nucleotides was small compared to the
signal from the binding of polymerase.
1.5.7 Atomic Force Microscopy
Atomic force microscopy was used to measure transcription of a template by an RNA
polymerase [80]. Polymerases were attached to mica surfaces by nonspecific adsorption.
Surfaces were scanned in a flow-through system following addition of dNTP. Templates
of known length were observed at different time points as they were extended by the
polymerase. This technique suffers from low time resolution and the concentration of dNTP
was intentionally kept low to reduce extension rates. Adsorption of the polymerases in the
presence of high concentrations of zinc may have an impact on polymerase activity.
1.6 A Continuous Fluorescence Assay Using
Noncovalent Dyes
All of the polymerase activity assays described here use reagents that are foreign to
PCR. In contrast, the assay introduced here is a continuous fluorescent assay that monitors
nucleotide incorporation with noncovalent fluorescent dyes used ubiquitously in real-time
PCR. The template has a defined length and sequence. This allows simple calibration of
data and provides activity in units of nucleotides per second per molecule of polymerase
and are intuitive within the context of PCR. The template is a hairpin with a high melting
temperature of 92◦C, enabling measurement of polymerase extension rates at high tem-
peratures. As a self-priming template, contributions from primer annealing are eliminated
and the extension reaction is isolated. Using this assay, the extension rates of a variety of
polymerases are compared. The effects of several common buffer components are determined
and recommendations for optimal conditions for fast extension are provided. In addition, the
influence of temperature and template sequence including base composition and secondary
structure are also studied. Finally, temperature-dependent extension rates are applied to a
kinetic model of polymerase extension and compared to an equilibrium model.
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Figure 1.1. Comparison of equilibrium and kinetic models of PCR. In the equilibrium
model of PCR, denaturation, annealing, and extension are treated as independent reactions.
Reactions occur at defined temperatures and rates are constant. Temperature changes are
assumed instantaneous. The kinetic model of PCR accounts for continuously changing
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a b s t r a c t
DNA polymerase activity was measured by a stopped-ﬂow assay that monitors polymerase extension
using an intercalating dye. Double-stranded DNA formation during extension of a hairpin substrate
was monitored at 75 C for 2 min. Rates were determined in nucleotides per second per molecule of poly-
merase (nt/s) and were linear with time and polymerase concentration from 1 to 50 nM. The concentra-
tions of 15 available polymerases were quantiﬁed and their extension rates determined in 50 mM Tris, pH
8.3, 0.5 mg/ml BSA, 2 mM MgCl2, and 200 lM each dNTP as well as their commercially recommended
buffers. Native Taq polymerases had similar extension rates of 10–45 nt/s. Three alternative polymerases
showed faster speeds, including KOD (76 nt/s), Klentaq I (101 nt/s), and KAPA2G (155 nt/s). Fusion poly-
merases including Herculase II and Phusion were relatively slow (3–13 nt/s). The pH optimum for Klentaq
extension was between 8.5 and 8.7 with no effect of Tris concentration. Activity was directly correlated to
the MgCl2 concentration and inversely correlated to the KCl concentration. This continuous assay is rel-
evant to PCR and provides accurate measurement of polymerase activity using a deﬁned template with-
out the need of radiolabeled substrates.
 2013 Elsevier Inc. All rights reserved.
The extension rates of DNA polymerases under PCR conditions
havenotbeencharacterized.Awidevarietyofpolymerasesare avail-
able and many are designed for increased ﬁdelity and speed. The
conventional way to measure the activity of DNA polymerase is in
terms of units,most commonly deﬁned as the number of nanomoles
of radiolabeleddNTPs incorporated into activated calf thymus or sal-
mon sperm DNA at 72 to 75 C for 30 min. This is a time-consuming
endpoint assay and does not provide information about the initial
extension rates of polymerases. In addition, assay conditions are
not standardized and often differ from those used during PCR.
Anumberof alternative assayshavebeen introduced forDNAand
RNA polymerases. These include methods based on atomic force
microscopy [1], light microscopy [2], single-molecule optical trap-
ping [3], quartz crystal microbalance [4], and radiometric assays
[5]. Others use enzyme-coupled reactions to monitor pyrophos-
phate release [6,7]. Fluorescence-based methods have monitored
the displacement of single-stranded DNA-binding protein [8] or
polarization of labeled extension templates [9,10]. Quench–ﬂow
[6] has been used and allows kinetic analysis of rapid reactions.
However, thismethod requires stopping the reaction at several time
points, followed by analyzing the products on gels or by chromatog-
raphy methods. Stopped-ﬂow [6,9,11] assays have been developed
and enable continuous reaction monitoring, but these use covalent
ﬂuorescent labels or nucleotide analogs. Some of these methods
are capable of providingextension rates in termsof individual nucle-
otide incorporation [1–3,8,9,11]. However, they all require template
modiﬁcations (ﬂuorescent or radioactive) or immobilization of
either template or polymerase onto a substrate.
We introduce a ﬂuorescent stopped-ﬂow assay for monitoring
polymerase extension that requires nomodiﬁcation of the template
or polymerase. This method relies on the increase in ﬂuorescence of
double-stranded DNA dyes during nucleotide incorporation. These
dyes are frequently used in real-time PCR, eliminating the need to
change reaction chemistry. Measured extension rates are directly
applicable toPCR.Weuse this assay to compare the speedof 15poly-
merases at equimolar concentrations. Because their activity was
strongly dependent on the reaction buffer, we thenmeasured the ef-





atctgcCGGC-CGCGGGAGCA was used as the extension template
and a baseline ﬂuorescence standard (capital letters denote self-
complementary sequences). The oligonucleotide forms a hairpin
with a 14-bp stem that has a free 30 end and a 25-base overhang
0003-2697/$ - see front matter  2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ab.2013.07.008
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for extension. The fully extended template was also synthesized as
a ﬂuorescence standard: TAGCGAAGGATGTGAACCTAATCCCTGCTC
CCGC-GGCCGatctgcCGGCCGCGGGAGCAGGGATTAGGTTCACATCCT
TCGCTA. Oligonucleotides were ordered from Integrated DNA
Technologies with the extension substrate puriﬁed by high-pres-
sure liquid chromatography and the fully extended standard puri-
ﬁed by polyacrylamide gel electrophoresis. Each was quantiﬁed by
absorbance at 260 nm following digestion by puriﬁed phosphodi-
esterase [12] for accurate quantiﬁcation.
DNA polymerases
Fifteen polymerases were included in this study: Amplitaq
(Invitrogen), KOD (EMD Millipore), Taq (New England Biolabs),
Platinum Taq (Invitrogen), GoTaq (Promega), Titanium Taq (Clon-
tech), Paq5000 (Agilent), Herculase II (Agilent), Phusion (New Eng-
land Biolabs), KAPA2G (Kapa Biosystems), MyTaq (Bioline), Ex Taq
(Clontech), Taq (Roche), SpeedSTAR (Clontech), and Klentaq I (pur-
chased from either AB Peptides or Washington University in
St. Louis, MO, USA).
Polymerases were quantiﬁed on sodium dodecylsulfate (SDS)
polyacrylamide gels stained with Sypro orange (Invitrogen). Gel
images were obtained using a Gel Doc XR+ with XcitaBlue (Bio-
Rad) conversion screen accessory and analyzed with Image Lab
(Bio-Rad) software. Prior to being loaded on the gels, samples were
reduced in 30 mM Tris, pH 6.8, 12.5% glycerol, 1% SDS, and 360 mM
b-mercaptoethanol at 96 C for 5 min. Klentaq I (purchased from
Washington University in St. Louis) was used as the quantiﬁcation
standard. The standard was quantiﬁed by absorbance at 280 nm
using an extinction coefﬁcient of 6.91  104 M1 cm1 calculated
from the amino acid content of the published sequence [13]. The
purity of this standard was determined by ﬂuorescence integration
from polyacrylamide gels and the concentration adjusted propor-
tionately. Two replicates of each quantity standard (50, 100, 200,
and 300 ng) and four replicates of each polymerase were included
on each gel. Major bands at expected molecular masses were con-
sidered to be the polymerase of interest. The integrated ﬂuores-
cence intensity of these bands was used to calculate the
concentration and purity of the polymerases. Molecular masses
used in concentration calculations were measured from the gels
or taken from the literature [14,15], including vendor product
information. Klentaq I was measured by mass spectrometry (Mass
Spectrometry and Proteomics core facility at the University of
Utah) after dialyzing for 48 h at room temperature in PBS buffer
(150 mM NaCl, 2.5 mM KCl, 10 mM disodium phosphate, 1.5 mM
dipotassium phosphate, pH 7.4). A molecular mass of 62,596 Da
was determined compared to 62,097 Da predicted from the amino
acid sequence [13].
The speciﬁc activity in units per milligram of polymerase
(U/mg) was calculated from the unit concentration provided by
the manufacturer and the concentration of polymerase measured
on the gels. Most manufacturers deﬁne 1 U of polymerase as the
amount required to incorporate 10 nmol of dNTPs in 30 min. How-
ever, the manufacturers of Klentaq I (ABPeptides) and Taq (NEB)
deﬁne a unit as the incorporation of 60 and 15 nmol dNTP, respec-
tively. The speciﬁc activities of these polymerases were scaled to
allow comparison to other polymerases (i.e., the speciﬁc activity
calculated for Klentaq I was multiplied by 6 and that of Taq
(NEB) was multiplied by 1.5). The speciﬁc activities for Herculase
II and Titanium were not calculated because the manufacturers
do not provide the polymerase activities.
Polymerase extension assay
Polymerase extension studies were performed with a stopped-
ﬂow instrument (SFM-300, Bio-Logic SAS). Excitation was set at
495 nm with a monochromator and ﬂuorescence collected with a
photomultiplier tube and a 530 ± 15 nm discriminating ﬁlter. Ther-
moelectric heaters separately maintained the temperature of the
mixing lines and the reaction cuvette. Each line was held at
75 C. Reactants were added to two separate mixing lines and
mixed in a 1:1 ratio at a ﬂow rate of 9 ml/s. The estimated dead
time for mixing was 6.6 ms. Extension reactions were carried out
in 1 EvaGreen (Biotium) and either the buffer supplied by the
manufacturer of each polymerase or a common buffer (50 mM Tris,
0.5 mg/ml bovine serum albumin (BSA), and 2 mM MgCl2, pH 8.3).
When MgCl2 was not included in the vendor buffer (KOD and Plat-
inum Taq), a ﬁnal concentration of 2 mM was used. Preliminary
experiments determined maximal extension rates for Klentaq I
with 200 lM each dNTP with a Km of 39 lM. Polymerase extension
was initiated bymixing 400 lM each dNTP with 10 nM polymerase
and 200 nM oligonucleotide (ﬁnal concentrations were 200 lM
each dNTP, 5 nM polymerase, and 100 nM oligonucleotide). To pre-
vent template degradation, extension experiments for polymerases
exhibiting 30 to 50 exonuclease activity (Herculase II, KOD, and Phu-
sion) were initiated by mixing the polymerase with dNTP and oli-
gonucleotide. MyTaq includes dNTPs in the vendor buffer at a ﬁnal
concentration of 250 lM each. For this polymerase, extension
reactions were initiated by mixing the polymerase with the
oligonucleotide.
Polymerase extension curves were calibrated either by allowing
the reaction to go to completion or by using ﬂuorescence stan-
dards. Except where indicated, calibration was performed with
ﬂuorescence standards. Polymerase was omitted from reactions
containing ﬂuorescence standards and calibration was repeated
for each experiment to account for inﬂuences of buffer conditions
on absolute ﬂuorescence. Seven to ten stopped-ﬂow shots were re-
peated for each experiment and the means and standard deviations
reported. Data were acquired for 2 min every 50 ms.
Buffer component study
The effects of pH and the concentrations of Tris, KCl, and MgCl2
on extension rate were observed. One parameter was varied while
the other three were kept constant. Final conditions were Tris con-
centrations at 10, 20, 30, 40, and 50 mM, KCl at 0, 12.5, 25, 37.5, 50,
and 62.5 mM, and MgCl2 at 1, 1.5, 2, 2.5, 3, 4, 5, and 6 mM, and pH
was at 7, 7.5, 8, 8.3, 8.5, 8.7, and 9. Unless varied, Tris concentration
was held at 50 mM, KCl at 0 mM, and MgCl2 at 2 mM and the pH at
8.0. Studies were done with Klentaq I at 5 nM, 200 lM each dNTP,
100 nM template, 1 EvaGreen, and 0.5 mg/ml BSA ﬁnal concen-
trations. Reaction completion was used to calibrate the data in this
study except when the extension was so slow that saturation could
not be observedwithin 2 min. This occurred only when KCl concen-




A typical quantiﬁcation gel and standard curve are shown in
Fig. 1. Antibody hot-start polymerases (Platinum, Titanium, MyTaq,
ExTaq, and SpeedSTAR) showed characteristic heavy- and light-
chain bands at around 50 and 25 kDa. Paq5000 showed a promi-
nent band of unknown identity at 62.5 kDa. Phusion had a diffuse
band centered around 150 kDa and a prominent band at 64.5 kDa.
Neglecting bands known to be other components, the purity of all
polymerases was calculated at greater than 90%, with the excep-
tion of KOD (70%), Phusion (50%), and KAPA2G (65%). Measured
concentrations for all polymerases are shown in Table 1. Most
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vendors supply polymerases at a concentration around 1 lM. Addi-
tionally, the concentration of polymerase in PCR is typically in the
range of 5 to 20 nM. Exceptions are KOD (94.5 nM), Klentaq I
(63 nM), and Titanium (197 nM), which are supplied and used at
considerably higher concentrations.
Assay validation and calibration
Extension rates were derived from the initial slope of the exten-
sion curves. Fig. 2 shows that the initial slope is proportional to
polymerase concentration from at least 1 to 50 nM. To obtain rates
in absolute units, extension curves were calibrated in one of two
ways.
Substrate exhaustion
Polymerase extension reactions are allowed to proceed to satu-
ration with complete extension of the template. The maximum and
minimum data points of individual extension curves are normal-
ized between 0 and the total number of nucleotides that each poly-
merase molecule can extend. This is calculated as:
½Template  L=½Poly; ð1Þ
where [Template] is the concentration of template, L is the length of
extension in base pairs, and [Poly] is the concentration of the poly-
merase. Normalized this way, the initial slope of extension curves
directly yields extension rate in nucleotides per second per mole-
cule of polymerase (nt/s).
Calibration with standards
Extension curves can be normalized using oligonucleotide stan-
dards (Fig. 3). The baseline ﬂuorescence is measured from the
extension template without polymerase present. A synthetic ana-
log of the fully extended template is used as a maximum ﬂuores-
cence standard. The average ﬂuorescence of the baseline
standard is taken as 0 and the average ﬂuorescence of the maxi-
mum standards is scaled to the value calculated by Eq. (1). The
same offset and scaling factor are also applied to each experimen-
tal curve.
Both analyses were compared using Klentaq I at 75 C. Ten
experiments of 8 to 10 shots each were acquired. Substrate
exhaustion yielded an extension rate of 102 ± 4.2 nt/s, whereas
calibration with oligonucleotide standards gave 99 ± 8.4 nt/s. The
standard deviations of individual shots within an experiment were
similar for both methods at 3.8 and 3.4%, respectively. Both
A
B
Fig.1. Quantiﬁcation of polymerases. The purity and size of polymerases were
determined on reducing polyacrylamide gels after staining with Sypro orange. (A)
Quantiﬁcation of SpeedStar. Four replicates of the SpeedStar (lanes 3, 6, 10, and 13)
were compared to Klentaq I standards at 50 ng (lanes 2 and 4), 100 ng (lanes 5 and
7), 200 ng (lanes 9 and 11), and 300 ng (lanes 12 and 14). Molecular mass markers
(Precision Plus Protein, Bio-Rad) are shown in lanes 1, 8, and 15. SpeedStar is an
antibody hot-start polymerase and bands corresponding to heavy and light chains
are shown near 25 and 50 kDa. The top band near 90 kDa is the polymerase. (B)
Quantiﬁcation of polymerases from a standard curve. The integrated ﬂuorescence
intensity of the unknown polymerase (squares) is projected on a regression line
through the Klentaq I quantiﬁcation standards (circles). The R2 of the regression line
is 0.999.
Table 1
Polymerase concentrations of stock solutions purchased from the manufacturers and








Taq (NEB) Native Taq 1.06 ± 0.01 5.3 ± 0.1
Taq (Roche) Native Taq 0.26 ± 0.01 5.2 ± 0.1
Amplitaq Native Taq 0.52 ± 0.02 2.6 ± 0.1
GoTaq Native Taq 0.98 ± 0.08 4.9 ± 0.4
MyTaq Native Taq 1.31 ± 0.04 26.1 ± 0.8
ExTaq Native Taq 1.28 ± 0.08 10.2 ± 0.7
Platinum Native Taq 0.65 ± 0.02 2.6 ± 0.1
Herculase II Pfu fusion variants 1.9 ± 0.1 19.4 ± 1.3
Phusion Pfu fusion variants 1.01 ± 0.05 10.1 ± 0.5
Klentaq I [13]
(ABPeptides)
Deletion variant 39.4 ± 1.5 63 ± 2.5
Titanium [13] Deletion variant 9.9 ± 0.2 197 ± 3.6
KAPA2G Engineered Taq 1.11 ± 0.09 4.4 ± 0.4
Paq5000 [16] Pfu 0.85 ± 0.02 8.5 ± 0.2
KOD [15,17] Thermococcus
kodakaraensis
4.7 ± 0.2 95 ± 4.1
SpeedStar Proprietary 1.08 ± 0.06 5.4 ± 0.3
Fig.2. Linearity of extension rates with polymerase concentration. The initial slope
of polymerase extension curves is linear with polymerase concentration. A linear
regression yields R2 = 0.999. Experiments were performed with Klentaq I.
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analysis methods were concordant to within 3%. The advantage of
using standards is that reactions need not proceed to exhaustion,
greatly reducing acquisition time when the activity is low. How-
ever, increased precision makes substrate exhaustion preferable
when the activity is high.
Polymerase comparison
The extension rates of various polymerases were measured in
their corresponding vendor buffers as well as in a common buffer
composed of 50 mM Tris, pH 8.3, 0.5 mg/ml BSA, 2 mM MgCl2,
and 200 lM each dNTP (Fig. 4). Most native Taq polymerases var-
ied in extension rate within a factor of 4. MyTaq showed the fastest
performance in either buffer, whereas Platinum Taq was the slow-
est. Overall, rates for the native polymerases were faster in the
common buffer with an average of 31.3 nt/s compared to 25.8 nt/
s for the vendor buffers. The fusion variants had the slowest exten-
sion rates. These are Pyroccocus furiosis (Pfu) polymerases fused to
a double-stranded DNA binding domain intended to improve ﬁdel-
ity. Comparing these rates to that of PAQ5000, an unmodiﬁed Pfu
polymerase [16], the fused domains hinder extension. The deletion
Fig.3. Quantitative analysis of polymerase extension curves. Extension curves are
analyzed in one of two ways: (1) by measuring the ﬂuorescence of oligonucleotide
standards without polymerase (the minimum standard is the extension template
and the maximum standard is a synthetic oligonucleotide identical to the sequence
of the fully extended template) or (2) by substrate exhaustion, using time 0 as the
ﬂuorescence minimum. In both cases, the maxima and minima are scaled between
0 and the total number of bases extended by each polymerase calculated using Eq.
(1). The initial slope is then the extension rate in nucleotides per second per
molecule of polymerase (nt/s). Both approaches yield extension rates concordant
within 3%.
Fig.4. Extension rates of polymerases in the common (black bars) and vendor (gray bars) buffers. Extension rates were strongly inﬂuenced by buffer conditions. KOD, Klentaq
I, and KAPA2G were the fastest polymerases.
Fig.5. Measured extension rates (nt/s) versus calculated speciﬁc activity (U/mg).
The speciﬁc activity of each polymerase was calculated from the unit concentration
supplied by the manufacturer and the mass of polymerase measured from
polyacrylamide gels. There is little relationship between the two measurements
of speciﬁc activity. The correlation is positive in the common buffer (circles), with a
Pearson’s r coefﬁcient of 0.32, and negative in the vendor buffers (squares), with a
Pearson’s r coefﬁcient of 0.30.
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variants are mutants of Taq with a deletion of the 50 exonuclease
domain [13]. These showed faster extension, especially in the com-
mon buffer. KAPA2G, an engineered variant of Taq, showed the
fastest extension rates. KOD is a polymerase from the Thermococcus
kodakaraensis KOD1 archae [15,17]. In the vendor buffer, it was the
third fastest polymerase. SpeedStar is a polymerase from an organ-
ism undisclosed by the manufacturer, but extension rates are sim-
ilar to those observed for the native Taq polymerases.
The speciﬁc activity was calculated from unit concentrations
provided by the vendor and the mass of polymerase measured
from gels. For most polymerases the speciﬁc activity was between
40,000 and 65,000 U/mg. Speciﬁc activities were higher for Amplit-
aq (103,300 U/mg), Platinum Taq (81,800 U/mg), and Taq (NEB)
(75,600 U/mg). The speciﬁc activities for Phusion (21,900 U/mg)
and KOD (5900 U/mg) were lower.
Fig. 5 contrasts the measured extension rates to calculated spe-
ciﬁc activities. These are analogous measurements of polymerase
speed. Both are nucleotide incorporation rates normalized to the
amount of polymerase used in the assay. In this study, extension
rate is a measurement of the initial rate of nucleotide incorporation
using a deﬁned template and is expressed per molecule of poly-
merase. Speciﬁc activity is the rate of nucleotide incorporation into
activated DNA and is expressed per milligram of the polymerase.
Pearson correlation coefﬁcients were calculated to assess the linear
relationship between these two measurements. The relationship is
weakly positive when measured in the common buffer and weakly
negative when measured in the vendor buffers.
Buffer components
The difference between extension rates in the common versus
the vendor buffers for many polymerases is striking. Nearly a 3-
fold increase with the common buffer was observed for Klentaq I.
The enhancement of KOD and KAPA2G in the vendor buffer ap-




Fig.6. Effects of buffer components on KlenTaq extension rates. (A) Tris has little effect. (B) KCl strongly inhibits extension. (C) Optimal pH for extension is between 8.5 and
8.7, with rapid decreases outside these values. (D) Magnesium increases extension rates with saturation near 5 mM.
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The effects of four common components of PCR buffers on
extension rates were studied for Klentaq I (Fig. 6). The concentra-
tion of Tris has very little inﬂuence on extension rates (Fig. 6A).
KCl concentration inhibits polymerase activity (Fig. 6B). Extension
rates decline linearly between 0 and 37.5 mM with over a 70% de-
crease. Only 21% of total activity was measured at 50 mM. Optimal
pH is between 8.5 and 8.7, with rapid decreases outside of this va-
lue (Fig. 6C). Extension is almost entirely inhibited at pH 7. Rates
quickly increase with total MgCl2 concentration (Fig. 6D), saturat-
ing at 5 mM. At 1.5 mM MgCl2, extension rates were 43% of the
maximum at 5 mM.
Discussion
The homogeneous stopped-ﬂow assay presented here provides
a simple and precise measurement of polymerase activity. The use
of double-stranded DNA dyes allows continuous monitoring of
extension. These dyes are commonly used in real-time PCR and
eliminate the need for template modiﬁcations including covalent
labels, radioactivity, or nucleotide analogs that are used in other
assays. Template and buffer conditions reﬂect those found in
PCR. Performance of polymerases can easily be tested under a vari-
ety of conditions and can aid in screening polymerases and buffer
conditions for various applications.
EvaGreen was used in these studies and inhibits PCR with
increasing concentration [18]. The same effect has been observed
for SYBR Green I [19] and Syto 9 [20]. Comparative studies have
shown that the degree of inhibition varies across dyes [18,20,21].
The effect of DNA dyes on polymerase activity has not yet been
studied.
In these experiments, template was in 20-fold excess of the
polymerase and each polymerase molecule bound and extended
multiple templates just as in PCR. It has been shown that template
binding is not a limiting step in polymerase extension [22] and is
not expected to contribute to the rates measured here. Extension
rates are measured in nt/s and have greater relevance to PCR than
the standard unit deﬁnition. PCR ampliﬁes templates of deﬁned
length and knowledge of the extension rates in nt/s provides better
insight into the speeds obtainable during PCR. For example, this
could guide optimization of thermal cycling protocols for faster
and more efﬁcient PCR.
As shown in Fig. 5, vendor-claimed speciﬁc activities correlate
poorly with measured extension rate per molecule. These are both
normalized measurements of the rate of nucleotide incorporation
into a template and should be directly comparable. Extension rate
is expressed per molecule of polymerase and speciﬁc activity is ex-
pressed per milligram of polymerase. However, these normaliza-
tion approaches are similar because the molecular masses of all
the polymerases in this study other than Klentaq and Titanium
are within about 4%. Poor correlation between the two measure-
ments of activity can be attributed to differences in buffer condi-
tions and extension templates. Buffers used in traditional
radiometric assays for polymerase activity vary widely and differ-
ences in pH, denaturants, and MgCl2, KCl, template, and dNTP con-
centration may contribute to disagreement in speciﬁc activities
reported for polymerases. The average speciﬁc activity calculated
for the native Taq polymerases in this study is nearly ﬁvefold lower
than in a study that measured the speciﬁc activity of Taq polymer-
ase at 292,000 U/mg [23] under different conditions. Wide variance
in assay conditions complicates comparison of speciﬁc activities
across studies.
Different templates also introduce variability. Radiometric as-
says use activated DNA, which is prepared with a variety of tech-
niques including enzymatic digestion and mechanical shearing.
This results in a heterogeneous template that does not reﬂect
PCR conditions. PCR ampliﬁes deﬁned templates and is processive
rather than random. One study compared the activity of polymer-
ase with activated salmon sperm DNA and a deﬁned template
using single-stranded M13 with a primer [23]. The activity differed
between the templates by about 60% at 70 C with Taq polymerase.
Activity measurements of DNA polymerases will have greater rel-
evance to their intended use if assay conditions are similar.
Manufacturers claim superior speed for 7 of the 15 polymerases
that were studied. Of the native Taq polymerases, fast extension
rates are claimed only for MyTaq. This polymerase was the fastest
in the category of native Taq polymerases and the ﬁfth fastest poly-
merase overall (Fig. 4). Fast extension rates are claimed for both
the fusion polymerases, Herculase II and Phusion, though they
were among the slowest polymerases studied. Phusion claims to
be 10-fold faster than unmodiﬁed Pfu polymerase; however, Phu-
sion was 13.5 nt/s while 28.2 nt/s was observed for Paq5000, a na-
tive Pfu polymerase. Speed claims are also made for Paq5000,
though this polymerase exhibited only moderate activity. KAPA2G
and KOD both have fast extension rates as indicated by the manu-
facturer, but this is dependent on the buffer used. SpeedStar did
not demonstrate superior speed as claimed, with a maximum
extension rate (31.1 nt/s) only marginally faster than the average
extension rate of all native Taq polymerases (28.3 nt/s). The second
fastest extension rate was observed with Klentaq I, though this is
not generally considered a fast polymerase.
Although the native Taq polymerases should be molecularly
similar, their extension rates vary by nearly a factor of 3 in the
common buffer. These differences indicate there is some variability
in the activity of the same polymerase prepared under different
conditions. Also, polymerase extension rates are strongly depen-
dent on buffer conditions and the vendor buffer is not always opti-
mal (Fig. 4). Faster speeds were observed in the common buffer
(with 95% conﬁdence) for both of the Taq polymerase deletion vari-
ants and ﬁve of the seven native Taq polymerases—Taq (NEB), Taq
(Roche), Amplitaq, GoTaq, and Platinum Taq. In contrast, faster
extension rates were observed in vendor buffers for KAPA2G and
KOD.
KCL and MgCl2 concentration and pH greatly inﬂuence exten-
sion rates. The range of optimal pH is narrow (Fig. 6C). Below the
optimum of pH 8.5 to 8.7, extension rates declined about 60% with
each pH unit. Above the optimum, the decline was nearly twice as
rapid. Another study using a radiometric assay found that optimal
pH was dependent on the buffer system [24]. Optimums for Tris,
glycine, and potassium phosphate buffers ranged between pH 7.0
and 8.0. For each buffer system, rapid decreases in activity were
also observed outside the optimal pH. The highest activity for the
Tris buffer was at pH 7.8 and was lower than the pH optimum in
our study. This buffer contained components not included in the
Tris buffer we used, including 2-mercaptoethanol, KCl, and ﬁvefold
higher MgCl2 concentration. This suggests that other components
in addition to the buffer system may also inﬂuence the optimal
pH for extension.
Extension rates continued to increase with MgCl2 concentration
until saturating at 5 mM (Fig. 6D). This is a higher concentration
than is typically used in PCR, often because of concerns with non-
speciﬁc ampliﬁcation. Greater speciﬁcity is achieved with faster
thermal cycling [25–27] and higher MgCl2 concentration may be
most appropriate in rapid PCR.
KCl strongly inhibits extension (Fig. 6B). A number of methods
have been used to study the effect of KCl concentration on poly-
merase activity, including sequencing [28] and measuring the rate
of incorporation of radiolabeled dNTPs [23,24]. The outcome of
these studies varied with optimal activity at 0 mM [28], 60 mM
[24], or either 10 or 55 mM KCl depending on the template [23].
Two studies used a deﬁned template with primers as opposed to
activated DNA [23,28]. These also showed KCl inhibition with
138 Fluorescent DNA polymerase assay / J.L. Montgomery et al. / Anal. Biochem. 441 (2013) 133–139
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activity greatest in the absence of KCl or at the lowest concentra-
tion studied.
The manufacturers of Taq (NEB), Taq (Roche), and Amplitaq dis-
close the contents of their PCR buffers. Each has 10 mM Tris,
50 mM KCl, and 1.5 mM MgCl2 at pH 8.3. Speeds were similar
in the vendor buffer, with extension rates between 15.1 and
23.4 nt/s. These polymerases were faster in the common buffer,
presumably because of lower KCl concentration (0 mM) and higher
MgCl2 concentration (2 mM). In the common buffer, Klentaq is
nearly twofold faster than Titanium but has slightly lower activity
in the vendor buffers. This behavior is not adequately explained by
the inﬂuence of the components studied. Both vendor buffers have
identical MgCl2 concentration. The pH of the Klentaq buffer is 9.1
and that of the Titanium buffer is 8.0. Our results in Fig. 6Cindicate
that the pH’s of both buffers are suboptimal. In addition, the Tita-
nium buffer contains KCl at 16 mM, whereas the Klentaq buffer
does not. Also included in the Klentaq buffer is ammonium sulfate
at 16 mM, which was not studied here. Further studies of this com-
ponent as well as other PCR additives will allow more complete
elucidation of optimal buffer components.
Buffer conditions affect the ﬁdelity of nucleotide incorporation.
For example, the rate of base substitution error increases ﬁvefold
for Taq polymerase when increasing MgCl2 concentrationfrom 1
to 5 mM [29]. In contrast, the error decreases threefold for Pfu
polymerase over the same concentration range [30]. The pH of buf-
fers has also been shown to positively and negatively affect ﬁdelity
[29–31]. For applications sensitive to nucleotide misincorporation,
additional methods should be used to verify adequate ﬁdelity.
Accurate measurement of polymerase activity under PCR condi-
tions has strong implications in achieving rapid PCR. Advance-
ments in instrumentation continue to decrease thermal cycling
times, allowing ampliﬁcation within a few minutes [32–34]. Real-
izing the full potential of PCR will require optimization of both
instrumentation and chemistry. Conditions that are sufﬁcient for
standard PCR may not be well suited to very fast PCR. As cycling
times are reduced, even small differences in activity may have an
impact on the success of ampliﬁcation. Measurements of activity
are more relevant when deﬁned in terms of nucleotides per second
per molecule of polymerase rather than units per milligram. Accu-
rate quantiﬁcation of polymerase activity under optimal reaction
conditions will facilitate PCR with maximum speed and efﬁciency.
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CHAPTER 3
THE INFLUENCE OF PCR REAGENTS
ON DNA POLYMERASE EXTENSION
RATES MEASURED ON REAL-TIME
PCR INSTRUMENTS
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Influence of PCR Reagents on DNA Polymerase Extension
Rates Measured on Real-Time PCR Instruments
Jesse L. Montgomery,1 and Carl T. Wittwer1*
BACKGROUND: Radioactive DNA polymerase activity
methods are cumbersome and do not provide initial
extension rates. A simple extension rate assay would
enable study of basic assumptions about PCR and de-
fine the limits of rapid PCR.
METHODS: A continuous assay that monitors DNA poly-
merase extension using noncovalent DNA dyes on com-
mon real-time PCR instruments was developed. Exten-
sion rates were measured in nucleotides per second per
molecule of polymerase. To initiate the reaction, a nucle-
otide analog was heat activated at 95 °C for 5 min, the
temperature decreased to 75 °C, and fluorescence moni-
tored until substrate exhaustion in 30–90min.
RESULTS: The assay was linear with time for over 40% of
the reactions and for polymerase concentrations over a
100-fold range (1–100 pmol/L). Extension rates de-
creased continuously with increasing monovalent cation
concentrations (lithium, sodium,potassium, cesium, and
ammonium). Melting-temperature depressors had vari-
able effects. DMSO increased rates up to 33%, whereas
glycerol had little effect. Betaine, formamide, and 1,2-
propanediol decreased rates with increasing concentra-
tions. Four common noncovalent DNA dyes inhibited
polymerase extension. Heat-activated nucleotide analogs
were 92% activated after 5 min, and hot start DNA poly-
merases were 73%–90% activated after 20min.
CONCLUSIONS: Simple DNA extension rate assays can be
performed on real-time PCR instruments. Activity is
decreased bymonovalent cations, DNAdyes, andmost
melting temperature depressors. Rational inclusion of
PCR components on the basis of their effects on poly-
merase extension is likely to be useful in PCR, particu-
larly rapid-cycle or fast PCR.
© 2013 American Association for Clinical Chemistry
Several methods have been developed tomeasure the ac-
tivity ofDNApolymerases, but complexity, time require-
ments, and specialized instrumentation have prevented
their widespread use. Polymerase activity is most often
characterized with radiometric assays. These assays mea-
sure the incorporation of radiolabelled deoxyribonucleo-
tide triphosphates (dNTPs)2 intomechanically shearedor
enzymaticallydigestedcomplexgenomicDNA.Activity is
measured in terms of units that are generally defined as
theamountof enzymerequired to incorporate10nmolof
dNTP in30min.However, assay conditions andunit def-
initions are not standardized, making comparison be-
tween measurements difficult. In addition, end-point
methods do not provide initial rates and application to
PCR kinetics is limited.
Other methods have been used to measure poly-
merase kinetics, including atomic force microscopy
(1 ), light microscopy (2 ), single molecule optical trap-
ping (3 ), quench flow (4 ), stopped flow (4–7), and
quartz crystal microbalance (8 ). Each of these requires
instrumentation not found in most laboratories and
has relatively low throughput. Other assays have been
adapted for more common instruments, including
benchtop fluorometers andmicroplate readers (9–11).
However, these require covalent fluorescent labels,
enzyme-coupled reactions, or saturating amounts of
single-stranded DNA binding protein.
Previously we reported a continuous polymerase ac-
tivity assay that uses a stopped-flow instrument (7). Nu-
cleotide incorporation was monitored with DNA dyes
typically used in real-time PCR, eliminating the need to
alter reaction chemistry. In the investigation we report
here, theassaywasmodified foruseoncommonreal-time
PCR instruments. The effects of monovalent cations,
melting temperature (Tm) depressors, andDNA dyes on
polymerase extension rates were measured.
Materials andMethods
DNA POLYMERASES
Klentaq I (purchased fromWayneM. Barnes at Wash-
ington University in St. Louis), FastStart™ (Roche),
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Platinum® (Invitrogen), Amplitaq® (Invitrogen), Taq
(New England Biolabs), GoTaq® (Promega), Tita-
nium® Taq (Clontech), KAPA2G (Kapa Biosystems),
MyTaq™ (Bioline), Ex Taq® (Clontech), Taq (Roche),
SpeedSTAR™ (Clontech), KOD (EMD Millipore),
Paq5000 (Agilent), Herculase II (Agilent), Phusion®
(New England Biolabs), and Amplitaq® Gold (Invitro-
gen) were quantified as described previously (7 ) on
SDS gels stained with Sypro® Orange (Invitrogen).
POLYMERASE EXTENSION TEMPLATE
A self-complementary oligonucleotide with the se-
quence tagcgaaggatgtgaacctaatcccTGCTCCCGCGGC
CGatctgcCGGCCGCGGGAGCA was used as the exten-
sion template (capital letters denote self-complementary
sequences). This forms a hairpin with a 14-bp stem that
has a free 3 end and a 25-base overhang for extension.
The oligonucleotide was ordered from Integrated DNA
Technologies and purified by high-pressure liquid chro-
matography. Concentrations were determined by absor-
bance at 260 nm following digestion with purified phos-
phodiesterase (12).
POLYMERASE EXTENSION ASSAY
Extension reactions were performed with a LightCycler®
480 (Roche). Except where otherwise indicated, final
concentrations were 50 mmol/L Tris (pH 8.3), 3
mmol/L MgCl2, 1 LCGreen Plus, 50 pmol/L
Klentaq I, 100 nmol/L oligonucleotide template, and
200 mol/L of each nucleotide. CleanAmp™ dGTP
(TriLink BioTechnologies) was mixed with unmodi-
fied dATP, dCTP (deoxycytidine triphosphate), and
dTTP (deoxythymidine triphosphate) (Bioline) to
limit extension of the template before temperature
equilibration. Preliminary studies showed that the use
of a single heat-activated nucleotide with 3 unmodified
nucleotides increased extension rates by amean of 14%
compared to using all 4 heat-activated nucleotides. Re-
duced extension rates were likely caused by lower avail-
able dNTPs due to incomplete conversion of the heat-
activated nucleotides.
The concentration of polymerase was reduced to
50 pmol/L to lengthen the reaction time and ensure
initial rates were observed. This is at least 100-fold be-
low typical PCR concentrations of 5–20 nmol/L (7 ). To
reduce protein loss with serial dilutions, polymerases
were diluted from the commercial stock solution im-
mediately before extension reactions in 50 mmol/L
Tris (pH 8.3), 300 g/mL BSA, and 0.03% Tween® 20.
The reaction was initiated by activating the CleanAmp
dGTP at 95 °C for 5 min, followed by fluorescence
monitoring of nucleotide incorporation at 75 °C. This
was accomplished by programming the LightCycler
480 for repeated holds at 75 °C for 1 s with a single
acquisition. Reactions were allowed to continue to ex-
haustion (30–90min). Four replicates of each reaction
were performed and the SDs reported.
PCR DYES AND ADDITIVES
Monovalent cations, Tm depressors, DNA dyes, and
MgCl2 were titrated into extension reactions to deter-
mine their effects on extension rates. LiCl, NaCl, KCl,
CeCl, and (NH4)2SO4 were included at final monova-
lent cation concentrations up to 50mmol/L. Final con-
centrations of betaine and 1,2-propanediol up to 2.5
mol/L, DMSO and glycerol up to 10%, and formamide
up to 7.5% (v/v) were examined. LCGreen® Plus
(BioFire Diagnostics), EvaGreen® (Biotium), and
SYBR® Green I (Invitrogen) were studied from 0.1 to
5 (approximately 0.1–5 mol/L) (13), and Syto® 9
(Invitrogen) was examined from 0.4 to 10.0 mol/L.
MgCl2 was studied at concentrations up to 6 mmol/L.
In addition to Klentaq I, MgCl2 titrations were also
performed for Platinum, Amplitaq, Taq (NEB),
GoTaq, Titanium, KAPA2G, MyTaq, Ex Taq, Taq
(Roche), and SpeedSTAR.
HOT START ACTIVATION
The activation times of 2 chemical hot start poly-
merases (FastStart and Amplitaq Gold) and heat-
activated nucleotide analogs (CleanAmp dNTPs) were
assessed. Extension reactions were performed as de-
scribed above, except that unmodified dNTPs were
used with the hot start polymerases and all 4 heat-
activated dNTPs were used with Klentaq I. Activation
times between 5 s and 60 min at 95 °C were investi-
gated. The concentration of polymerase was increased
to 100 pmol/L with 60-min activation times to com-
pensate for low extension rates.
ASSAY CALIBRATION
Linearity between fluorescence and dNTP incorpora-
tion was assumed. The first 15 s of data were excluded
to eliminate artifacts of initial temperature equilibration.
Polymerization was allowed to proceed to substrate ex-
haustion, apparent as a maximum plateau and taken as
the fluorescence equivalent of 100% extension.
Calibration of fluorescence data allows measure-
ment of polymerase activity. Additionally, specific ac-
tivity in terms of extension rates can be calculated if
polymerase quantification is performed.
POLYMERASE ACTIVITY
Extension curves were normalized between zero and
the total number of nucleotides that can be extended,
given by:
Template  L V, (Eq. 1)
where [Template] is the concentration of template in
nanomoles per liter, L is the extension length of the
2 Clinical Chemistry 60:2 (2014)
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substrate in bases, and V is the volume of the reaction
in liters. The initial slope of the normalized extension
curves yields polymerase activity in nanomoles of nu-
cleotides per second.
EXTENSION RATES
Extension curves were normalized between zero and
the total number of nucleotides that each polymerase
molecule can extend, given by:
Template  L/Poly, (Eq. 2)
where [Poly] is the concentration of the polymerase
in nanomoles per liter. With time in seconds as the x
axis, the initial slope is the extension rate in nucleo-
tides per second per molecule of polymerase, or sim-
ply seconds1.
Results
Polymerase extension was linear with time for at least
40% of the reaction (Fig. 1A). The initial slope of ex-
tensionwas proportional to the polymerase concentra-
tions from 1 pmol/L to at least 100 pmol/L (Fig. 1B).
Polymerases were diluted in a buffer containing deter-
gent and BSA. When diluted without these compo-
nents, variable decreases in activity were observed. This
was presumably due to loss of polymerase by adsorp-
tion onto surfaces during serial dilutions. Tween 20
was used here, but similar retention of activity was ob-
tained with IGEPAL® CA-630, TritonTM X-100, and
Brij® 58. The highest extension rates were observed
with detergent at 0.03% and BSA at 0.3 g/L (data not
shown).
All monovalent cations decreased extension rates
(Fig. 2). Lithium, sodium, potassium, and cesiumhad a
similar effect, with a mean decrease of 57% at 25
mmol/L. Ammonium most strongly reduced rates,
with a decrease of 79% at 25 mmol/L. Extension assays
were also performed with divalent cations replacing
magnesium. Calcium, manganese, cobalt, and zinc













































Fig. 1. Validation of a polymerase extension rate assay that mimics PCR with increased fluorescence from dye
incorporation performed on a real-time PCR instrument.
Increase of fluorescence signal during nucleotide incorporation is linear with time for at least 40% of reaction completion (A).
Initial slope of fluorescence data is linear with polymerase concentrations from 1 to at least 100 pmol/L with R2  0.999 (B).


















Fig. 2. Effect of monovalent cations on extension
rates.
Cations of lithium (circles), sodium (squares), potassium
(diamonds), and cesium (triangles) all produce similar de-
creases in rates. Cations of ammonium (inverted triangle)
show the strongest inhibition.
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were tested at concentrations ranging from 0.3 to 10
mmol/L. Each of these produced artifacts in fluores-
cence (i.e., quenching or enhancement) that precluded
accurate analysis (data not shown).
The effect of Tm depressors on extension rates is
shown in Fig. 3. DMSO enhanced rates at concentra-
tions up to 10% (1.4mol/L), with an optimumbetween
5 and 7.5% (0.7 and 1.1mol/L). Glycerol had very little
effect on extension, with a small increase of 5% at 2.5%
(0.3 mol/L) and a decrease of 6% at 10% (1.4 mol/L).
Betaine and propanediol did not influence rates at 0.5
mol/L but showed linear decreases above this concen-
tration. Extension rates decreased with betaine at a rate
of 16% with every increase of 0.5 mol/L beyond 0.5
mol/L. Propanediol showed twice the inhibition, with a
decrease of 33% per 0.5 mol/L. A small decrease in rate
of 6% was observed with formamide at a 1% concen-
tration (0.3 mol/L). At higher concentrations, exten-
sion rates also declined linearly. The rates decreased
10% for every 1% increase of the formamide
concentration.
Each of the DNA dyes studied decreased polymer-
ase extension rates, but to varying degrees (Fig. 4).
SYBR Green I showed the greatest inhibition, followed
by LCGreen Plus, EvaGreen, and Styo 9. Extension
rates for the dyes at typical 1 concentrations varied
over a 2-fold range with SYBR Green I at 101 s1,
LCGreenPlus at 124 s1, EvaGreen at 184 s1, and Syto
9 at 209 s1.
Extension rates increased with increasing concen-
trations of MgCl2 up to 6 mmol/L for 9 of the 11 poly-
merases studied (see Fig. 1 in theData Supplement that
accompanies the online version of this report at http://
www.clinchem.org/content/vol60/issue2). MgCl2 be-
tween 4 and 5 mmol/L produced the fastest extension
rates for Titanium and Klentaq I, 2 deletion variants of
Taq polymerase, with decreasing rates at higher con-
centrations. Data from 4 additional polymerases
(KOD, Paq5000, Herculase II, and Phusion) could not
be analyzed because the template was degraded by 3 to
5 exonuclease activity before acquisition. Optimal
conditions for fast polymerase extension found here
and in our previous study (7 ) are summarized in Fig. 5.
Fig. 6 shows extension rates as a function of acti-
vation time at 95 °C for heat-activated nucleotide
analogs (CleanAmp dNTPs) and 2 chemical hot start
polymerases (FastStart and Amplitaq Gold). The heat-
activated nucleotides were maximally active after 20
min with an extension rate of 110 s1, but activation
was 92% complete after 5 min. Maximal activity of the
hot start polymerases required 40 min, with extension
rates of 45 s1 for FastStart and 28 s1 for Amplitaq
Gold. After 20 min, activation was 90% complete for
FastStart and 73% complete for AmpliTaq Gold. Con-


















Fig. 3. Effect of Tm depressors on extension rates.
DMSO (circles), glycerol (squares), betaine (diamonds), pro-
panediol (triangles), formamide (inverted triangles). DMSO
increased extension rates at concentrations up to 10% (1.4
mol/L). Glycerol had little effect on rate. Betaine, propane-
diol, and formamide each decreased rates with increasing
concentration. Propanediol at 2.5 mol/L was not measured
because of low activity.



















Fig. 4. Effect of DNA dyes on extension rates.
Syto 9 (circles), EvaGreen (squares), LCGreen Plus (dia-
monds), SYBR Green I (triangles). Typical 1 concentra-
tions used in PCR are indicated by filled markers. Extension
rates were not measured for SYBR Green I at 5 (3.4
mol/L) because of low activity and for Syto 9 at 0.4
mol/L because of low signal. Dye concentrations are
plotted on a log scale.
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rate of native Taqs was lower than with deletion
variants.
Compared to the previously described stopped-
flow assay (7 ), convenience and throughput are greatly
improved, with a 96/384 well plate format without
compromise of accuracy or precision (data not
shown). The instrument expense and setup require-
ments of a temperature-controlled stopped-flow appa-
ratus also greatly exceed those of real-time PCR
machines.
Discussion
Measurement of polymerase extension rates on com-
mon real-time PCR instruments enables systematic
study of numerous PCR reagents and conditions. Prior
work has been hindered by laborious radiolabeled as-
says or expensive instrumentation. Our previously re-
ported stopped-flow assay conveniently used noncova-
lent DNA dyes to measure polymerase extension (7 ).
Conversion of the stopped-flow assay to real-time PCR
instruments required (a) decreasing the concentration
of polymerase to increase the reaction time to 30–90
min, (b) using a heat-activated nucleotide analog to
prevent extension during sample preparation, and (c)
activating the nucleotides at 95 °C for 5 min, followed
by rapid cooling to the desired extension temperature
(75 °C) to ensure that initial velocities are observed. It
was also critical to dilute the polymerase in detergent
and BSA, presumably to prevent polymerase adsorp-
tion on vessel walls during dilution. Although we used
a LightCycler 480, any instrument capable of exporting
fluorescence data as a function of time can be used.
We have developed an online tool to simplify analysis
of the kinetic data (https://www.dna.utah.edu/ext/
ExtensionCalc.php).
Extension rates are normalized to a single poly-
merase molecule and are analogous to specific activity.
However, unlike prior radiometric assays, initial veloc-
ities are measured, templates are standardized, and the
buffersmimic those in PCR. As a result, extension rates
better reflect the kinetics seen in PCR with processive
extension of a defined template for more reproducible
activity measurements.
Polymerase quantification is not necessary when
only activity measurements are desired. The initial
slope of calibrated curves yields polymerase activity in
nanomoles of nucleotides per second. This is analo-
gous to the unit definition of activity, except that initial
velocities rather than end-point rates are measured.
Noncovalent Dyes Lowest possible
Monovalent Ions




















Fig. 5. Optimal conditions for fast polymerase extension.
Fastest rates are obtained by eliminating monovalent ions,
using high MgCl2 between 3 and 6 mmol/L, and including
DMSO between 5% and 8%. Optimal pH is narrow, be-
tween 8.5 and 8.7, and Tris has little effect (7 ). Betaine and
1,2-propanediol are best kept below 0.5 mol/L and forma-
mide below 1%. Noncovalent dyes are best used at the
lowest concentration that produces the desired fluores-
cence intensity.


















Fig. 6. Extension rates after activation with hot start
polymerases and nucleotides.
FastStart (squares), Amplitaq Gold (diamonds), hot-start
nucleotide analogs (circles). FastStart showed nearly dou-
ble the extension rates of Amplitaq Gold with the same
activation time. The hot start nucleotides required half the
activation time as the hot start polymerases for maximum
activity.
DNA Polymerase Extension and PCR
Clinical Chemistry 60:2 (2014) 5
29
All monovalent cations studied decreased exten-
sion rates in a concentration-dependent manner (Fig.
2). Oddly enough, potassium chloride and ammonium
sulfate are frequently found in PCR buffers.With these
components, amplification appeared more specific
with higher yields in some reported studies (14–16).
Fig. 2 indicates that any benefit obtained from inclu-
sion of monovalent cations in PCR does not result
from enhanced extension rates.
Tmdepressors are often added for PCRofGC-rich
templates. We found that DMSO increases extension
rates and glycerol has little effect at concentrations up
to 10%. Other studies found that activity decreased
50% in the presence of 10%DMSO and 30%with 10%
glycerol (17, 18). These prior studies used radioactive
assays and activated salmon sperm DNA as a template.
We observed a linear decrease in extension rates with
formamide concentrations above 1%.A previous study
showed no effect up to 10% (17). Another showed a
50% decrease in activity at 10%. Our study showed
greater inhibition, with a 65% decrease in the presence
of 7.5% formamide. The discrepancies in these studies
suggest that greater uniformity in assay conditions and
standardization of the template may improve the re-
producibility of activity assays.
Betaine and propanediol both produced linear de-
creases in extension rates. When maximal polymerase
extension rates are a concern, betaine, propanediol,
and formamide should be used at the lowest concen-
trations possible for successful amplification.
The noncovalent DNA dyes studied here decrease
polymerase extension rates (Fig. 4). Selection of the
appropriate dye and concentration will depend on a
number of factors, such as instrument optical require-
ments, desired extension rates, and post-PCR process-
ing. For example, the fastest extension rate was ob-
served for SYBR Green I at 0.2 (0.14 mol/L).
However, SYBR Green I does not detect heterodu-
plexes in high-resolution melting analysis (19, 20).
Faster extension rates can be obtained with each dye by
lowering the concentration, but this is also accompa-
nied by a lower signal and may be limiting, depending
on the sensitivity of the instrument.
The choice of a hot start method determines the
speed of activation before PCR. Chemical hot starts
show low extension rates despite very long activation
times, though FastStart appears to require about half
the activation time of Amplitaq Gold for the same ex-
tension rate. Rates were faster for the heat-activated
nucleotide analogs at all activation times, indicating a
large difference in the specific activity of chemically
modified hot start polymerases and Klentaq I. For
faster PCR, heat-activated nucleotide analogs are more
desirable than modified polymerases.
Routine measurements of activity and extension
rates are enabled by this continuous fluorescence assay.
High throughput is attained with microtiter plates,
allowing simultaneous comparison of several poly-
merases and conditions. Components are easily
optimized to identify suitable PCR reagents and
storage buffers. Engineered polymerase variants can
be screened for desired activity. Polymerase prepara-
tion lots can be assayed for consistent activity to ensure
reproducible PCR efficiency. Polymerases screened for
high extension rates are needed for rapid PCR applica-
tions. Because the extension rate is measured under
PCR conditions, insight into the speed of extension
obtainable during PCR can guide optimization of
thermal cycling protocols for faster, more efficient
amplification.
Is PCR constructed rationally, or are we following
the initial choices of PCR pioneers and reluctant to
change familiar reagents and ingrained protocols?
Considering the data obtained from this and our prior
stopped-flow study (7 ), extension rates are improved
by highMg2 (3–6mmol/L) andDMSO (5%–10%) in
a narrow pH range (8.5–8.7) and decreased by K,
(NH4)2SO4, dyes, and most Tm suppressors. Of
course, PCR is muchmore than just polymerase exten-
sion. Fidelity and specificity are also crucial. Neverthe-
less, polymerase extension is a central factor in under-
standing PCR and paramount to efforts to increase its
speed.
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CHAPTER 4
THE INFLUENCE OF NUCLEOTIDE
SEQUENCE AND TEMPERATURE




Extension rates of a thermostable polymerase were measured from 50 to 90◦C for
templates with varying sequence using a fluorescent activity assay adapted for real-time
PCR instruments. Templates consisted of identical hairpins with a melting temperature
of 92◦C and extension regions with either single-base repeats or guanosine-cytosine (GC)
contents ranging from 0 to 100%. Optimum extension temperature was 70 to 75◦C for all
templates with a near linear decrease in extension rates outside this range. Extension rates
increased with GC content up to 60% and decreased at higher GC. Rates varied greatly for
each nucleotide with guanosine (214 s-1 at 75◦C) >cytidine (150 s-1 at 75◦C) >adenosine
(81 s-1 at 75◦C) >thymidine (46 s-1 at 75◦C). Predictions were within 30% of measured
rates for 59% of calculations with greatest agreement among lower GC content. Templates
with higher GC contents exhibited slower rates and were increased to within 4 to 20% of
prediction with the addition of 7.5% dimethyl sulfoxide (DMSO), indicating inhibition due
to secondary structure. In the presence of oligonucleotide probes, polymerases with and
without 5’ to 3’ exonuclease activity exhibited similar decreases in extension rates of 70
and 65%. Extension rates are influenced by template sequence, increasing with higher GC
content and decreasing with secondary structure. Understanding these parameters across




Understanding the parameters that influence DNA polymerase activity is essential for
optimizing PCR conditions and preventing amplification failure. Sequence characteristics of
templates such as GC content and secondary structure are known to reduce amplification
efficiency. In addition, incorporation rates are base specific for a variety of polymerases
[1]–[6]. However, the sequence dependence of activity has not been studied for thermostable
DNA polymerases.
Kinetic analysis of nucleotide incorporation has been performed using stopped-flow [6],
quench-flow [1], [4], [7], and quartz crystal microbalance [8]. These methods are capable
of monitoring fast reaction times but have required fluorescent base analogs, radiolabeled
nucleotides or immobilization of the template to a surface. Recently we introduced a fluo-
rescent polymerase activity assay adapted for real-time PCR instruments [9]. Polymerase
extension of defined oligonucleotide templates is monitored with fluorescent noncovalent
dyes. This continuous assay allows sensitive measurement of polymerase extension rates
with increased simplicity and throughput.
We apply this assay to determine the sequence dependence of thermostable polymerase
activity. Various templates were used to measure the effect of GC content and incorporation
rates of individual nucleotides. Extension rates were measured over a range of temperatures
between 50 and 90◦C. In addition the influences of secondary structure, oligonucleotide
probes, and primer melting temperature (Tm) on polymerase extension were determined.
Understanding the limitations of thermostable DNA polymerase imposed by temperature,
template sequence and secondary structure will allow improved design of efficient and rapid
amplification protocols.
4.3 Materials and Methods
4.3.1 DNA Polymerases
Klentaq I (purchased from Wayne Barnes at Washington University in St. Louis) and
Amplitaq R© (Life Technologies) were quantified as described previously [10] on sodium
dodecyl sulfate (SDS) gels stained with Sypro R© Orange (Life Technologies).
4.3.2 Oligonucleotides
Oligonucleotide template designs are shown in Figure 4.1 and sequences are listed
in Appendix A. Both hairpin templates and linear templates (having separate primer
and template oligonucleotides) were used. Hairpin templates (Figure 4.1A) included self-
complementary regions with a six base loop, 14 base pair stem and an annealed 3’-end.
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The melting temperature (Tm) of the hairpin was 92◦C using 1X LCGreen R© Plus dye and
a 0.3◦C/s ramp on an HR-1 R© melting instrument (BioFire Diagnostics). The extension
region varied in length and sequence. Eleven templates were designed with 25 base ex-
tension regions with GC contents ranging from 0 to 100%. Four templates contained ten
single-base repeats. Additional hairpin templates were designed with secondary structure
in the extension region (Figure 4.1B) or included an 18 base oligonucleotide probe (Figure
4.1C).
Linear templates (Figure 4.1D) shared identical sequences in the extension region as
well as seven identical bases at the 3’-end of the primer. The 5’-end of primer sequences
were varied to achieve different Tms.
Oligonucleotides were purchased from Integrated DNA Technologies and purified by
high-pressure liquid chromatography. Concentrations were determined by absorbance at 260
nm following digestion with purified phosphodiesterase [11]. Thermodynamic analysis of
template secondary structures was performed with Quikfold (http://mfold.rna.albany.edu/
?q=DINAMelt/Quickfold) using the default settings. Tms of oligonucleotides were mea-
sured before polymerase extension with a 0.3◦C/s ramp and 1X LCGreen Plus on an HR-1
melting instrument (BioFire Diagnostics) at 100 nM concentrations for linear templates
and at 1 µM for hairpin templates. Tms of fully extended hairpin templates were measured
at 25 points/◦C with a LightCycler R© 480 (Roche) at a concentration of 500 nM. Tms are
listed in Appendix A.
4.3.3 Polymerase Extension Assay
Polymerase extension reactions were performed with a LightCycler 480. Final reaction
concentrations were 50 mM Tris, pH 8.3, 3 mM MgCl2, 1X LCGreen Plus (BioFire Di-
agnostics), 200 µM each dNTP, and 100 pM polymerase. Oligonucleotide templates and
primers were included at 100 nM. Where applicable, a probe was added in five-fold excess
of the template at 500 nM. CleanAmp R© dNTPs (TriLink BioTechnologies) were used to
limit extension before equilibration. In some reactions, either CleanAmp 7-deaza-dGTP or
CleanAmp dUTP was was substituted for dGTP or dTTP. Polymerases were diluted in 50
mM Tris, pH 8.3 and 0.03% Tween R© 20 to reduce loss of enzyme by adsorption during
serial dilutions. Except where otherwise noted, Klentaq I was used. Additional polymerase
extension reactions were performed for templates with GC contents between 20 and 100%
in the presence of 2.5, 5, 7.5 and 10% DMSO.
The reaction was initiated by activating the CleanAmp dNTPs at 95◦C for 10 min,
followed by fluorescence monitoring of nucleotide incorporation at the extension tempera-
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ture. Fluorescence acquisition at a single temperature was achieved by programming the
LightCycler 480 for repeated single acquisitions of 1 s at the desired temperature. Extension
reactions were performed at temperatures ranging between 50 and 90◦C in 5◦C increments.
Reactions were allowed to continue to exhaustion (60-120 min). Three replicates of each
reaction were performed and the standard deviations reported. Extension reactions were
immediately quenched on ice and stored at -20◦C. Template extension was verified on 2
or 4% agarose gels (NuSieve R© 3:1 agarose, Lonza) followed by staining with 1X SYBR R©
Green I (Life Technologies).
4.3.4 Assay Calibration
Polymerase extension reactions were allowed to proceed to exhaustion and the maximum
fluorescence taken as complete extension of the template. Extension curves were normalized





where [Template] is the concentration of template, L is the length of extension in base pairs
and [Poly] is the concentration of the polymerase. The initial slope of normalized extension
curves yields extension rate in nucleotides per second per molecule of polymerase (s-1).
Template designs shown in Figures 4.1B and 4.1C contain double stranded structures in the
extension region and are expected to reduce the net increase in fluorescence during extension.
These reactions were calibrated by reducing L by the length of duplex in the extension
region. For example, L was reduced from 25 bases to seven bases for reactions where a
probe of 18 bases was used. Extension curves were not analyzed at temperatures above the
Tm of the extended template. Above the Tm, the increase in fluorescence upon extension of
the template was small relative to other templates with higher Tms. It is believed that this
was caused by denaturation of the template, preventing accumulation of fluorescence by the
noncovalent dye. We observed a continuous decrease in fluorescence during incorporation
of 7-deaza-guanosine. This nucleotide has been reported to quench fluorescence of ethidium
bromide [12]. Extension curves for these reactions were first inverted before calibration.
4.4 Results
Extension rates could not be measured for hairpin templates above the Tm of the fully
extended template. However, extension of these templates still occurred. Figure 4.2A
shows an agarose gel of templates between 0 to 100% GC after extension at 75◦C as well
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as unextended controls for the 0 and 12% GC templates. The extension temperature was
above the Tm of full-length 0 and 12% GC templates. Bands of identical size were observed
for all templates, indicating each was fully extended. In contrast, full extension of linear
templates depended on the Tm of the primer. Figure 4.2B shows an agarose gel of linear
templates after extension at 75◦C. At this extension temperature, substrate exhaustion was
only observed for templates with primers of 68, 70, and 78◦C. Bands for these templates
were of similar intensity while distinct bands were not observed for templates with lower
primer Tms. Complete extension of templates was generally observed up to 5◦C above the
primer Tm.
Extension rates as a function of temperature for hairpin templates with varying GC
contents are shown in Figure 4.3A. For all GC contents, the optimum temperature for
extension was 70 to 75◦C. Below 70◦C, a near linear decrease of extension rates was observed.
Rates declined 37 to 45% with every decrease of 10◦C. At temperatures above 75◦C, declines
were more rapid with rates decreasing 50 to 67% every 10◦C. Figure 4.3B shows extension
rates for the 60% GC template that decreases linearly on both sides outside 70 to 75◦C.
Rates were highest for templates between 60 and 80% GC. Figure 4.3C shows rates as
a function of GC content at 75◦C. Rates generally increased with increasing GC content
up to 60% and declined towards higher GC. Two exceptions were the 20 and 50% GC
templates that had consistently lower extension rates then surrounding templates (e.g., the
50% GC content template had lower rates than either the 40 or 60% GC templates) across
all temperatures.
Hairpin templates were designed with ten, single-base repeats to measure incorporation
rates of individual nucleotides. As shown in Figure 4.4, extension rates are strongly
dependent on the nucleotide. The average extension rate for cytidine and guanosine was
2.8-fold higher than the average rate of adenosine and thymidine up to 75◦C. A pairwise
comparison of guanosine to cytidine and adenosine to thymidine show that incorporation of
purines is faster than the complementary pyrimidine. Rates for guanosine were on average
50% higher than cytidine between 60 and 75◦C and rates for adenosine were on average 75%
higher than thymidine between 65 and 75◦C. Incorporation of 7-deaza-guanosine was faster
than guanosine and cytidine at low temperatures but exhibited only marginal increases with
temperature, being surpassed in rate by both guanosine and cytidine above 65◦C. Extension
rates were lowest with uridine that were on average 50% lower than thymidine up to 65◦C.
Polymerase extension rates were measured for templates with either stable secondary
structure or an 18 base oligonucleotide probe in the extension region (Figures 4.1B and
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4.1C). The sequence for both templates were identical except for the 5 bp duplex in the
extension region of the secondary structure template. Extension rates for polymerases with
(exo+) and without (exo–) 5’ to 3’ exonuclease activity were measured at 60◦C, below the
Tms of the duplexes. Results are shown in Table 4.1. The oligonucleotide probe decreased
the exo– polymerase extension rates by 65% while the secondary structure caused a decrease
of 38% . Exo+ polymerase extension rates were decreased by 70% with the probe. Extension
rates could not be measured with the secondary structure template for this polymerase
because the reaction did not plateau. However, it was apparent from visual observation
that extension was slower than with the oligonucleotide probe.
To test whether extension rates of random templates are determined by their base
sequence, measured nucleotide specific rates were used to predict the extension rates for the
eleven templates with varying GC content from 50 to 75◦C. For each template, the numbers
of each base in the extension region were counted and a weighted average of the nucleotide
incorporation rates obtained. Figure 4.5 displays predicted extension rates (Figure 4.5A)
alongside measured rates (Figure 4.5B). Predictions were within 30% of measured rates for
59% of calculations with greatest agreement among lower GC content templates. Figure
4.5C shows particularly good agreement for the 40% GC template where predicted rates were
within 5% of measured rates across the temperature range. Similar results were obtained for
templates with 32 and 60% GC which were on average within 5 and 8% of measured values
between 55 and 75◦C. Large differences were observed for templates with high GC. As shown
in Figure 4.5D, measured rates at 65◦C are much lower than expected for templates above
70% GC. Deviations from predicted rates were also observed at 50◦C for most templates.
DMSO was added to extension reactions at 75◦C to see if measured rates for some
templates would increase closer to predicted rates. Figure 4.6 compares extension rates with
varying concentrations of DMSO to predicted rates. DMSO at 2.5% does little to change
extension rates for the templates. With 5% DMSO, rates were increased for templates with
GC contents of 50, 70, 80, 90, and 100%, bringing them to within 2 to 33% of predicted
rates. Extension rates were further increased for the 90 and 100% GC templates with 7.5%
DMSO to within 20 and 8% of predicted rates, respectively. Little change was observed for
the other templates. At 10% DMSO, rates decreased for all except the 70% GC template.
DMSO had little effect on the 40 and 60% GC templates that were already close to predicted
rates. Rates decreased with increasing DMSO for the 32% GC template and extension rates
for the 20% GC template could not be analyzed (Tms <75◦C).
Linear templates were designed with primer Tms ranging between 41 and 78◦C. Figure
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4.7 shows the temperature dependence of extension rates for these templates. Maximum
rates generally coincide with the Tm of the primer. At higher temperatures, a rapid decline
is observed with very low rates 5◦C above the Tm. At any given extension temperature,
extension rates were faster for primers with increasing stability up to a Tm of 70◦C. The
primer with a Tm of 78◦C resulted in slower extension rates than the 70◦C primer up to an
extension temperature of 70◦C.
4.5 Discussion
A high throughput, continuous fluorescent assay for polymerase activity provides ex-
tension rates without specialized instrumentation. The influence of several different poly-
merases, buffer components and conditions on activity has been previously reported [9], [10].
Here we use this method to determine the effect of template sequence on polymerase activity
across temperatures typically used in thermal cycling during PCR.
Extension rates vary for templates with single base repeats (Figure 4.4), indicating
that extension rates depend on the inserted base. Similar variation has been reported
for several polymerases including DNA polymerase β [1], DNA polymerase α [3], HIV
reverse transcriptase [4], T7 RNA polymerase [6], mitochondrial DNA polymerase [2],
and X family DNA polymerase of African swine fever virus [5]. However, differences in
nucleotide incorporation ranged from 44% [6] to 6-fold [4]. Furthermore, the relative rates of
incorporation for each base differ in each study. Bases reported most efficiently incorporated
were adenosine [1], [2], cytidine [4], [6], or thymidine [5], whereas guanosine has the highest
extension rate in our study. The efficiency with which specific nucleotides are incorporated
may vary between polymerases.
The nucleotide analog 7-deaza-guanosine is often used to amplify GC rich templates.
At typical extension temperatures between 70 and 75◦C, the incorporation rate of 7-deaza-
guanosine was as much as 2.3-fold lower than guanosine. Also, uridine was incorporated
approximately half as fast as thymidine. Uridine and 7-deaza-guanosine are often used
in place of their analogous nucleotide at two- to three-fold higher concentrations. While
extension rates are lower for these nucleotides, this is only beneficial if the Km is also higher.
Another study found the Km of dUTP to be the same as dTTP for Taq polymerase [13],
suggesting increases in concentration would not result in faster incorporation.
Nucleotide specific incorporation rates help explain the low rates observed for low GC
templates (Figures 4.3A, 4.3C). Low GC templates are rarely thought of as difficult to
amplify. However, with the incorporation rates of adenosine and thymidine nearly one-third
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of guanosine and cytidine, these templates are extended with lower efficiency and may
become troublesome in very rapid PCR.
Despite higher incorporation rates for guanosine and cytidine, extension rates decline
for templates with GC content above 60%. Very high GC content has a greater inhibitory
effect on polymerase extension than does very low GC. Up to 70◦C, the 90 and 100% GC
templates were 1.5 to 4.3-fold lower than any of the 0, 12, or 20% GC templates. This
inhibition may be caused by increased stability or likelihood of secondary structure in the
extension region of the template.
Predicted extension rates of mixed sequences based on individual nucleotides were very
close to experimental values for the 32, 40, and 60% GC templates (Figure 4.5). Measured
rates for the other templates were lower than predicted. If secondary structure in the
extension regions of these templates were inhibiting polymerase extension, then addition
of DMSO might relieve this inhibition. DMSO is often used to improve amplification of
high GC templates [14], [15] and is believed to reduce secondary structure. DMSO at 5
or 7.5% increased the extension rates of the 50, 70, 80 and 100% GC templates to within
7% of predicted rates (Figure 4.6). Extension rates of the 90% GC template increased to
within 20% of prediction. It is unclear why extension rates for most templates decrease
with 10% DMSO. It may be that increased concentrations of DMSO decrease the overall
stability of the duplex and extension is slowed as is seen for the 32% GC template, or that
overall activity of the polymerase is decreased by 10% DMSO. Interestingly, the extension
rates for the templates, which were closely predicted by their sequence (40 and 60% GC
templates), changed less than 4% with up to 7.5% DMSO. Extension rates of templates
appear determined by their base sequence and are decreased by secondary structure.
Thermodynamic calculations of secondary structure in the extension region of templates
produced mixed results. There were no secondary structures calculated for the 40% GC.
This agrees well with our findings because the extension rates of this template were closely
predicted from its sequence. The extension rates for the 60% GC template were also
close to prediction. However, the calculated free energy of the secondary structure for
this template (-1.35 kcal/mole) was similar to the 50% (-1.21 kcal/mole) and the 80% GC
(-1.47 kcal/mole) templates for which measured rates were lower than predicted. The 90%
and 100% GC templates had similar extension rates across all temperatures even though
their free energies of secondary structure were quite different (-2.84 kcal/mole and -9.61
kcal/mole for the 90% GC template and 100% GC templates, respectively).
Tms of secondary structure were measured with high-resolution melting analysis of the
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unextended GC content templates. No melting transitions were observed above 50◦C for
templates with 0 to 60% GC content, indicating these did not contain stable secondary
structure. Secondary structures were observed for the other templates with Tms ranging
from 55◦C for the 70% GC template, to 73◦C for the 100% GC template. If interference of
thermodynamically stable secondary structure accounted for inhibited extension, sudden
increases in rates would be expected at extension temperatures above the Tm of the
secondary structure. However, this was not observed for any these higher GC templates.
Templates with extension rates below their predicted rates remained low across temperature.
For example, the 50 and 70% GC templates remained between 17 to 47% lower than the
rates predicted by their sequence from 50 to 75◦C. Only the addition of DMSO increased
measured rates to near prediction. Two reasons may account for the discrepancies between
the influence of DMSO and the thermodynamic calculation and melting analysis of sec-
ondary structures. 1) Thermodynamics algorithms cannot accurately account for secondary
structure at high temperatures and melting analysis could not detect these (i.e., because
of indistinguishable melting transitions). 2) Polymerase extension is inhibited by transient
secondary structures that are not thermodynamically stable at higher temperatures. In
other words, short-lived structures potentially block the polymerase progress.
Exo+ polymerases do not extend through double stranded regions faster than exo–
polymerases (Table 4.1). This implies that the catalytic activity of the exonuclease domain
is slower than nucleotide incorporation. The extension rate for the exo+ polymerase
was slower for the template with secondary structure compared to the template with an
oligonucleotide probe. On the other hand, the extension rate for the exo– polymerase
increased with the secondary structure template compared to the probe, indicating that
this polymerase is more capable of extending through secondary structure. It may be that
the exonuclease activity of the exo+ polymerase decreases extension rates when the two
catalytic domains act on the same DNA strand.
Polymerase activity is strongly influenced by temperature. We observed linear tem-
perature decreases of extension rates outside the optimal temperature range. From 70
to 50◦C, rates decreased between 72 and 92%. Another study measured the temperature
dependent activity of Taq polymerase and a 5’ to 3’ exonuclease deficient enzyme similar to
the exo– polymerase studied here [16]. The temperature optimum for the exo– polymerase
was also between 70-75◦C while an optimum for Taq polymerase was between 70 and 80◦C.
In agreement with our findings, rates declined for both polymerases by approximately 90%
from 70 to 50◦C, though the decrease was not as linear.
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For linear templates, extension rates decline rapidly above the Tm of the primer (Figure
4.7). This is due to decreased availability of primed template rather than decreased activity
of the polymerase. This has important implications in two-step PCR, where thermal
cycling is performed between two temperatures rather than three as in traditional PCR.
In two-step PCR, DNA is denatured at the high temperature while the lower temperature
accommodates both primer annealing and polymerase extension. As shown in Figure 4.7,
maximum extension rates are obtained when the lower temperature is set at the Tm of the
primer. Given that the optimal temperature of extension is between 70 and 75◦C, two-step
PCR is more rapid when the primers have Tms in this range.
Polymerase activity is influenced by the sequence of the template. Between 70 and
75◦C, extension rates vary by as much as threefold, depending on the GC content of the
template. Secondary structure interferes with extension and is difficult to predict. However,
this appears to be alleviated by the inclusion of DMSO and extension rates are closely
approximated by the rates of individual nucleotide incorporation. Considering the sequence
of a template and understanding modulation of extension rates with temperature will allow
more rapid PCR protocols while maintaining high yield and specificity.
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Table 4.1. Extension inhibition by secondary structure and oligonucleotide probes
Exo– polymerase Exo+ polymerase
Extension Rate Inhibition Extension Rate Inhibition
(s-1) (%) (s-1) (%)
Without probe 66 ± 1 – 10 ± 1 –
With probe 23 ± 1 65 ± 2 3 ± 1 70 ± 2
Secondary structure 41 ± 1 38 ± 2 <3 >70
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14 bases 10-25 bases







Figure 4.1. Polymerase template designs for sequence dependence studies. (A) Hairpin
oligonucleotides contained a 14 base pair stem and a six base loop. The extension regions
were either 25 bases with GC contents ranging between 0 and 100% or ten bases with ten
single-base repeats of A, T, C, or G. (B) A hairpin template was designed with a five base
pair secondary structure in the extension region. (C) An 18 base oligonucleotide probe was
included with a hairpin template. The sequence of this template was identical to that of (B)
except for the ten complementary bases of the secondary structure. (D) Linear templates
having separate primer and template oligonucleotides had experimental primer Tms ranging
between 41 and 78◦C.
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Figure 4.2. Agarose gels of templates with varying sequences after extension at 75◦C. (A)
Extension of templates with varying GC contents. Lane 1: Unextended 0% GC template;
Lane 2: Extended 0% GC template; Lane 3: Unextended 12% GC template; Lane 4:
Extended 12% GC template; Lane 5: Extended 20% GC template; Lane 6: Extended 40%
GC template; Lane 7: Extended 60% GC template; Lane 8: Extended 80% GC template;
Lane 9: Extended 100% GC template; Lane 10: Molecular weight DNA ladder. The
extension temperature was above the Tms of the extended 0 and 12% templates (Lanes 2
and 4). However, bands were the same size as the other templates with higher Tms. Bands
were more intense and migrated differently than their unextended templates (Lanes 1 and
3), indicating these templates were fully extended. (B) Extension of linear templates with
varying primer Tms. Lane 1: Primer Tm = 41◦C; Lane 2: Primer Tm = 49◦C; Lane 3:
Primer Tm = 54◦C; Lane 4: Primer Tm = 60◦C; Lane 5: Primer Tm = 63◦C; Lane 6:
Primer Tm = 68◦C; Lane 7: Primer Tm = 70◦C; Lane 8: Primer Tm = 78◦C; Lane 9:
Molecular weight DNA ladder. Substrate exhaustion was only observed for templates with
primer Tms of 68, 70, and 78◦C and these three templates show bands of similar intensity,




























































Figure 4.3. Extension rates as a function of temperature for hairpin templates with varying
GC contents. (A) Contour graph of extension rates for each of the GC content templates
from 50 to 90◦C. Extension rates are indicated on the contour graph. The white area
in the lower right corner of the plot indicates where no data could be collected because
temperatures were above the Tm of the extended template. Black dashed lines show cross
sections of data that are plotted in the lower graphs. (B) Extension rates as a function
of temperature for the 60% GC template. Optimal extension temperatures were between
70 and 75◦C. Linear decreases in rates are observed outside the optimal temperature. (C)
Extension rates as a function of template GC content at 75◦C. Extension rates increase
with GC content up to 60% and decrease with higher GC content.
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Figure 4.4. Incorporation rates of individual nucleotides as a function of temperature.
Hairpin templates with single-base repeats were used to measure the incorporation rates of
guanosine, cytidine, 7-deaza-guanosine, adenosine, thymidine, and uridine. Incorporation
of guanosine and cytidine is faster than incorporation of adenine and thymidine up to 75◦C.
Purines are incorporated more quickly than the corresponding pyrimidine (e.g. guanosine
is faster than cytidine). Incorporation rates of 7-deaza-guanosine changes only moderately
between 55 and 75◦C. Uridine on average is incorporated about half as quickly as thymidine.
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Figure 4.5. Comparison of measured extension rates and rates predicted from base
sequence. (A) Predicted rates of GC content templates. Extension temperature is indicated
by the depth axis. Because guanosine and cytidine have the fastest incorporation rates,
an increase in extension rates was expected with increasing GC content. (B) Measured
extension rates. Extension rates generally increase with GC content up to 60%, but decline
with higher GC content. Dashed black lines in (A) and (B) indicate cross sections shown
in lower graphs. (C) Comparison of predicted (light gray circles) and measured (dark gray
squares) extension rates for the 40% GC template. Measured rates were on average within
10% of prediction for the 32, 40, and 60% GC templates. (D) Comparison of predicted
(light gray circles) and measured (dark gray squares) extension rates for each GC content
template at 65◦C. Measured extension rates are generally more concordant with prediction
for templates with GC contents below 60%.
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Figure 4.6. Comparison of predicted extension rates with measured rates in the presence of
increasing DMSO. Measured extension rates become closer to predicted rates in the presence
of DMSO. DMSO at 2.5% has little effect on rates while DMSO at 5 to 7.5% increases
extension rates closer prediction. DMSO produced only small changes to extension rates
for templates that were close to predicted rates (40 and 60% GC templates). Increasing
DMSO to 10% decreased extension rates below prediction. Extension rates for the 32% GC
























Figure 4.7. Extension rates as a function of temperature for linear templates with varying
primer melting temperatures. Extension rates are indicated on the contour graph. The
temperatures at which maximum extension rates were observed are correlated to the Tm
of the template primer (solid diagonal line). Extension rates decline rapidly within 5◦C
above the primer Tm (dashed diagonal line). Substrate exhaustion does not occur when
extension rates are very slow and could not be calculated. This is indicated by the gray
region dominating the lower right corner of the graph.
CHAPTER 5




Several mathematical models of PCR have been attempted [1]–[5]. These employ the
equilibrium model (Figure 1.1) and consider the three main reactions of PCR as independent
processes, occurring at defined temperatures with static rates. While this assumption may
be sufficient for thermal cycling with long hold times, rapid cycle PCR is never in a state of
equilibrium. Transitions between temperatures dominate and reactions are likely to occur
over a range of temperatures with varying rates.
A more accurate model of rapid PCR is the kinetic model. This model accounts for
continuous temperature changes with temperature-dependent reaction rates. The impact
of the kinetic model on polymerase extension is considered here. Measured extension rates
as a function of temperature taken from Chapter 4 are applied to various temperature traces
from a real-time PCR instrument. Saturation rates as a function of temperature are also
considered. Extension rates or saturation rates as a function of time are obtained and the
number of nucleotides extended in a single cycle are calculated. These results are compared
to the equilibrium model of polymerase extension.
5.2 Methods
Sample chamber temperature traces were obtained from a LightCycler R© 1.5 (Roche).
Thermal cycling was programmed for 50◦C for 0 s, 75◦C for 0, 1, 2, 5, 10, 15, 20, 30, 45, or
60 s, and 95◦C for 0 s with a ramp rate of 20◦C/s. The portion of the temperature traces
from 50◦C increasing up to 90◦C were used to model polymerase extension. Decreasing
temperature ramps were omitted. Total number of nucleotides extended during the tem-
perature increase of thermal cycling was calculated using extension rates and saturation
rates for both kinetic and equilibrium models.
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5.2.1 Number of Nucleotides Extended with a Kinetic Model
A kinetic model for extension was implemented using extension rates as well as saturation
rates. Extension rates were obtained from initial slopes of calibrated data as described in
Chapters 2 through 4. Saturation rate refers to the reciprocal of the time required for
extension reactions to reach completion. Reaction completion time was defined as the time
corresponding to 98% of maximum fluorescence. These are normalized to the amount of
polymerase and template using
[Template]× L
[Poly]× tsat (5.1)
where [Template] is the concentration of template, L is the length of extension in base pairs,
[Poly] is the concentration of the polymerase, and tsat is the reaction completion time.
A kinetic model requires extension rates or saturation rates as a function of temperature.
These were obtained for the 60% GC content template in Chapter 4. Figure 5.1 illustrates
the method to calculate polymerase extension with a kinetic model using extension rates.
Extension rates as a function of temperature (Figure 5.1A) are combined with thermal
cycling temperature traces (Figure 5.1B) by linear interpolation to obtain extension rates
as a function of time (Figure 5.1C). The area under the curve represents the number of
nucleotides extended by a single polymerase molecule within that period of time. This was
calculated by numerical integration using the trapezoidal method. A kinetic model using
saturation rates is similar except that saturation rates as a function of temperature are used
in place of extension rates.
5.2.2 Number of Nucleotides Extended with an Equilibrium
Model
For both extension rates and saturation rates, the number of nucleotides extended by
a molecule of polymerase was also calculated using the equilibrium model (Figures 5.1C
and 5.2C). The extension hold time programmed on the real-time PCR instrument was
multiplied by the extension rate or the saturation rate of the 60% GC template at 75◦C
(149 s-1 and 74 s-1, respectively). This model fails for extension hold times of 0 s allowed
by some thermal cycling instruments. To allow comparison of the equilibrium and kinetic
models in the case of 0 s extension at 75◦C, the length of time at which the temperature
was 75 ± 1◦C was used in the equilibrium model. This was estimated at 0.3 s using rapid
cycling with no extension hold time. The results from the two models were compared by
taking the ratio of the number of nucleotides extended calculated by the kinetic model to
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the number of nucleotides extended calculated by the equilibrium model. Both models were
compared using extension rates and saturation rates.
5.3 Results
The kinetic model calculated more nucleotides extended per polymerase than the equi-
librium model for all extension temperature hold times. This was true whether the models
used extension rates or saturation rates. The fold differences of the kinetic model over
the equilibrium model (i.e., the kinetic model calculations divided by the equilibrium
model) for each extension hold time are shown in Figure 5.3. Increasing discrepancies
were observed with decreasing hold times. For a 60 s hold time, the models agreed within
3% using extension rates and saturation rates. At 5 s, the difference increased to 57%
using extension rates and 63% using saturation rates. With a hold time of 0 s, the kinetic
model calculated 11.4-fold and 11.9-fold more nucleotides extended than the equilibrium
model using extension rates and saturation rates, respectively (508 vs. 45 bases with
extension rates and 265 vs. 22 bases with saturation rates). For all extension hold times,
the nucleotides extended using extension rates were approximately double (between 1.9 and
2.0-fold) those calculated using saturation rates for both the kinetic and equilibrium models.
5.4 Discussion
The assumption of negligible temperature transitions in the equilibrium model poorly
describes fast PCR. Because the kinetic model accounts for extension during tempera-
ture ramps, it more accurately describes polymerase extension with rapid thermal cycling.
Extension is modeled here as the total number of nucleotides extended by a polymerase
molecule as temperature increases during thermal cycling. This is calculated using both
extension rates and saturation rates.
Extension rates are derived from the initial slope of extension reactions. This represents
the maximum nucleotide incorporation rates of polymerases under conditions with large
excess of substrate. As the reaction continues, substrate (i.e., extension template, dNTPs)
diminishes and incorporation rates decline. In addition to substrate exhaustion, rates may
also decrease due to build up inhibitors such as pyrophosphate. An alternative approach is
to use saturation rate, which takes into account decreasing nucleotide incorporation rates
by considering the length of the entire extension reaction. The precise time for reaction
completion from real-time data can be ambiguous. This was defined as the time required
for fluorescence to reach 98% of the maximum value. This means the maximum efficiency of
each cycle would be 98%, assuming both denaturation and annealing were 100%. Because
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saturation rate varies depending on the amount of reagents used in a particular reaction,
these must be normalized to the concentration of the template and polymerase.
The kinetic model of extension presented here is susceptible to inaccuracies whether
extension rates or saturation rates are used. This model considers extension during the
temperature increase of thermal cycling between 50 and 90◦C and does not account for
annealing and denaturation. It is assumed that annealing of primers is complete at 50◦C
and denaturation does not occur until 90◦C. The model also does not account for product
annealing. Extension is assumed not to occur during temperature decreases from denatu-
ration down to annealing even though substrate is being formed as primers anneal to the
template. An accurate description of extension can only be obtained by considering all
reactions in a kinetic model.
An example of a kinetic model of PCR is described in Appendix B. This model is
based on differential equations derived from mass action equations for each reaction. The
kinetic model describes the temporal change in concentration of each reactant during PCR
considering the rate constants of each reaction and the initial concentrations of reactants.
Because rates of reaction fluctuate with temperature during thermal cycling, this model
requires rate constants as a function of time. An example of how these are obtained for
extension is provided here. The rate constants are the maximum rates of reaction under
conditions with a large excess of substrate. For the extension reaction, this is represented by
extension rates. Reactions dominate if rate constants are sufficiently high and reactant con-
centrations are substantial. For example, primer annealing to template continues virtually
unimpeded in early cycles of PCR. However, as PCR progresses, product accumulates while
primers diminish and product annealing dominates. This complex interplay of reactions is
not described by the model presented in this chapter. Modeling of product amplification
beyond a single cycle is not possible without the rates of the other reactions in PCR.
The results obtained here provide an initial estimate of the length of DNA that can be
successfully amplified under given thermal cycling conditions. In the earliest stages of PCR,
polymerase and primers are in large excess of template. Typical PCR in a 10 µL volume
begins with 1.6×104 copies of template (50 ng genomic DNA). Primers are usually included
at 3×1011 (0.5 µM) and polymerase between 1×1010 and 1×1012 molecules (Table 2.1).
Primers and polymerase at such high relative concentrations push the extension reaction
to completion and initial rates dominate. With high efficiency reactions, the amount of
template is doubled each temperature cycle and by definition, the efficiency of amplification
is 100%. However, this is only the case when the polymerase has sufficient time to extend to
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the end of the template. If full extension fails to occur before denaturation of DNA strands,
then a primer cannot anneal to the newly synthesized strand within the next temperature
cycle. With primers in large excess of template, the probability of the partially extended
template annealing during subsequent cycles is very small and amplification failure is likely.
For example, assume a template with a 500 base extension region. If thermal cycling
conditions permit polymerase molecules to extend 500 bases, then efficiency will be 100%.
However, if the polymerase is only able to extend 100 bases, amplification is not likely to
continue.
A kinetic model predicts that amplification can occur for products with much faster
thermal cycling. Consider the previous example of a template with a 500 base extension
region. Using extension rates, the kinetic model predicts successful amplification with
a 0 s extension hold time because each polymerase molecule can potentially extend up
to 508 bases under these thermal cycling conditions. However, the equilibrium model
indicates that an extension hold time of 5 s is required. Using saturation rates, the models
predict successful amplification of products approximately half the length compared to
using extension times. A kinetic model provides a better description of extension with fast
thermal cycling. Further expansion of this model to include all contributing reactions will
help define the limits of PCR.
5.5 References
[1] M. Garlick, J. Powell, D. Eyre, and T. Robbins, “Mathematically modeling PCR: an
asymptotic approximation with potential for optimization,” Math. Biosci. Eng., vol. 7,
no. 2, pp. 363–84, 2010.
[2] J. L. Gevertz, S. M. Dunn, and C. M. Roth, “Mathematical model of real-time PCR
kinetics,” Biotechnol. Bioeng., vol. 92, no. 3, pp. 346–55, 2005.
[3] S. Mehra and W. S. Hu, “A kinetic model of quantitative real-time polymerase chain
reaction,” Biotechnol. Bioeng., vol. 91, no. 7, pp. 848–60, 2005.
[4] G. Stolovitzky and G. Cecchi, “Efficiency of DNA replication in the polymerase chain
reaction,” Proc. Natl. Acad. Sci. U.S.A., vol. 93, no. 23, pp. 12 947–52, 1996.
[5] S. E. Whitney, A. Sudhir, R. M. Nelson, and H. J. Viljoen, “Principles of rapid
polymerase chain reactions: mathematical modeling and experimental verification,”
Comput. Biol. Chem., vol. 28, no. 3, pp. 195–209, 2004.
56
























































Figure 5.1. Implementing a kinetic model for polymerase extension using extension
rates. (A) Extension rates are measured over the range of temperatures encountered in
PCR. (B) These rates are applied to typical rapid thermal cycling conditions of PCR. (C)
Combining these two plots by linear interpolation provides extension rates as a function
of time. The area under the curve represents the total number of nucleotides extended by
a polymerase molecule. The equilibrium model only considers extension for the duration
and the temperature programmed. Extension rates as a function of time are shown for
the 60% GC template from Chapter 4. The temperature trace represents the increase in
temperature for a programmed hold time of 2 s.
57


























































Figure 5.2. Implementing a kinetic model for polymerase extension using saturation
rates. (A) Saturation rates were calculated from 50 to 90◦C. (B) A temperature trace
was collected on a real-time PCR instrument. (C) Saturation rates as a function of time
were obtained by linear interpolation of (A) and (B). The area under the curve represents
the total number of nucleotides extended by a polymerase molecule. The equilibrium model
is represented by a rectangle with a width of the extension hold time and a height equal to
the maximum saturation rate. Saturation rates as a function of time are shown for the 60%
GC template from Chapter 4. The temperature trace represents the increase in temperature
for a programmed hold time of 2 s. The saturation rates are approximately half as great as
the extension rates shown in Figure 5.1.
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Figure 5.3. Fold difference of nucleotides incorporated calculated by the kinetic model
over the equilibrium as a function of programmed extension hold times. The models
were compared using extension rates (circles) and saturation rates (squares). With both
comparisons, the kinetic model calculates more nucleotides extended than the equilibrium
model. The difference between the two models becomes more significant with shorter hold
times and faster thermal cycling.
CHAPTER 6
CONCLUSION
PCR is a dynamic process with interdependent and competing reactions. Polymerase
extension is dependent on primer annealing; primer annealing competes with annealing of
extended template; and denaturation of DNA competes with each of these. Rates are in
constant flux and accounting for each reaction during rapid thermal cycling is a significant
challenge. The simplest way to understand the dynamics of PCR is to study each reaction
in isolation. The influences of parameters such as temperature and solutes on reaction
rates can be determined independently. Descriptions of each reaction can be combined into
a kinetic model that will aid in identification of optimal thermal cycling conditions and
reagent concentrations for fast PCR. An example of a kinetic model based on differential
equations derived from mass action equations is provided in Appendix B.
The work presented here is an important step in expanding our understanding of the
kinetics of PCR. Optimal conditions for fast extension were determined for a number of
parameters, several of which are counter to prevalent conventions. For example, ammonium
sulfate and KCl are frequently included in reaction buffers to increase specificity. Magne-
sium is often kept low for the same purpose. However, these conditions greatly diminish
polymerase extension. Increased specificity is also achieved with faster thermal cycling [1],
suggesting we have been headed in the wrong direction in our optimization efforts. In our
attempts to improve PCR, we have been slowing it down.
The polymerase assay developed here has the potential to be a useful tool in biotech-
nology. The current method for characterizing polymerases is inadequate and provides
little insight into their performance in PCR. In contrast, the fluorescent assay used in
these studies enables quantitative comparisons of polymerases. Results are intuitive and
directly applicable to PCR. Adapting the assay for common instrumentation is essential
to wide adoption. Routine measurements of activity can be performed in any laboratory
setting. Buffer chemistries are easily optimized. Quality control of polymerase production
is simplified. New polymerase variants are more clearly screened. This assay promises to
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improve the quality of PCR now as well as identify the polymerases and conditions that
will take us into the next generation of fast PCR.
6.1 Future Work
6.1.1 Rates for a Kinetic Model of PCR
A complete kinetic model of PCR requires rates of reaction for denaturation, annealing,
and extension. The work presented here collected rates of extension across relevant PCR
temperatures for templates with a variety of GC contents. Rates of the other reactions
must also be obtained.
6.1.1.1 Template Denaturation
Denaturation could also be followed with noncovalent dyes with rapid heating of dou-
ble stranded DNA. Reaction containers with high surface to volume ratios and materials
with high thermal conductivity will maximize the speed of heating. For example, copper
capillaries quickly plunged into heated gallium would allow monitoring of fast denaturation
events. The stopped-flow instrument in Chapter 2 is also capable of mixing lines of differing
temperatures to achieve rapid temperature jumps. Double-stranded DNA would be held in a
mixing line at a low temperature and mixed with buffer at a higher temperature to measure
denaturation at an intermediate temperature. Mixing ratios and mixing line temperatures
can be adjusted to achieve the desired temperature jump.
6.1.1.2 Primer and Template Annealing
Rates of primer annealing to template as well as annealing of complementary extended
template strands should be measured. These are competing reactions and can be mea-
sured under conditions relevant to PCR. Noncovalent DNA dyes could be used to monitor
annealing of DNA strands. Determining the influence of nucleotide sequence, solutes,
and temperature on rates is essential. These paramaters were shown to greatly influence
polymerase extension and are likely to influence annealing as well. The stopped-flow
instrument discussed in Chapter 2 is especially suited for these studies. Complementary
oligonucleotides can be separated in mixing lines. Fast reactions can be monitored and
temperature control allows rate measurements over a range of temperatures relevant to
PCR. These experiments can be performed under pseudo-first order conditions, holding one
oligonucleotide strand in excess of the other and varying the concentration of the limiting
strand. This assumes a second order mechanism for annealing. Alternatively, annealing
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may be fit to mechanisms of any order by nonlinear least squares fitting (e.g., using the
Levenberg-Marquardt algorithm) of real-time data to a system of differential equations.
6.1.2 Expanded Buffer Component Studies
The effect of the most common buffer components were studied here, but many addi-
tional reagents may also influence polymerase extension.
6.1.2.1 PCR Enhancers
Several components are frequently included in PCR with the intention of improving
amplification. However, their influences on polymerase extension have not been studied.
These include gelatin, BSA, polyethylene glycol, tetramethyl ammonium chloride, trehalose,
dithiothreitol, and several proprietary formulations. The effects of these components on
extension can be studied with increasing concentrations as described in Chapters 2 and 3.
Components that increase extension rates are especially desirable for fast PCR.
6.1.2.2 Detergents
Detergents were necessary for dilution of polymerase in Chapters 3 and 4. However, the
effects of these on the rates of polymerase extension were not studied. A variety of ionic and
nonionic detergents may be studied over a range of concentrations such as sodium dodecyl
sulfate, Tween 20, IGEPAL CA-630, Triton X-100, Laureth 12, Brij 35, or Brij 58. These
are best studied with polymerase at typical PCR concentrations where several dilutions are
not required. A stopped-flow instrument is suitable for these studies.
6.1.2.3 PCR Dyes
The dyes most frequently used in real-time PCR were studied here but other dyes may
also be useful to monitor extension. Possible advantages may be less inhibition of extension
or greater quantum yield allowing studies with lower concentrations of template. Other
dyes known to bind specifically to double-stranded DNA are ethidium bromide, SYBR
Gold, Pico Green, SYTOX Blue, SYTOX Green, SYTOX Orange, TOTO-1, TOTO-3,
YOYO-1, YOYO-3, SYTO 9, SYTO 11, SYTO 12, SYTO 13, SYTO 14, SYTO 15, SYTO
20, SYTO 21, SYTO 23, SYTO 24, SYTO 25, SYTO 43, SYTO 44, SYTO 45, SYTO
82, PO-PRO-1, JO-PRO-1, BO-PRO-1, GelStar, YO-PRO-1, POPO-3, thiazole orange,
BOBO-3, LO-PRO-1, TO-PRO-1, BOBO-1, and POPO-1.
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6.1.2.4 Combinatorial Influences of Reagents
The influences of buffer components were each examined individually and most studies
were performed at one temperature with a single polymerase. Combinatorial effects were
not considered and may influence optimum conditions. For example, does optimal pH
change with 5 mM MgCl2 versus 2 mM? This represents a large matrix of variables and the
number of experiments required can be reduced with a multifactorial design of experiments
(DOE) [2].
6.1.3 Expanded Polymerase Studies
The influences of buffer components, temperature, and template sequence were studied
for Klentaq I. The influences of these parameters on the extension rates of other polymerases
are also desirable. Particularly, full length Taq polymerase and polymerases from other
organisms such as Pyrococcus furiosis, Thermococcus litoralis, Thermus flavus, and Thermus
thermophilus are of interest.
6.1.4 Reverse Transcriptase Polymerases
Reverse transcription polymerase chain reaction (RT-PCR) is a powerful technique to
assess RNA expression levels. This uses a combination of DNA polymerase and reverse
transcriptase enzymes. Several RT-PCR diagnostic assays have been developed [3]–[5] and
time requirements for these can be reduced by determining the optimal conditions for reverse
transcriptase activity. Extension rates of reverse transcriptase can be studied with an RNA
template and DNA primers. Figure 4.7 indicates that extension rates are influenced by the
melting temperature of the primer. Therefore, primers with melting temperatures above
the extension temperature are recommended.
6.1.5 Structure-Function Relationships for Nucleotide
Incorporation
Figure 4.4 shows incorporation rates are strongly dependent on the nucleotide. Several
studies have attempted to elucidate the mechanism of nucleotide incorporation and the
relative contributions of hydrogen bonding [6], partial charge [7], nearest neighbor [8], base
stacking and steric interactions [9] have been debated. Measuring the incorporation rates of
nucleotide analogs could provide insight into polymerization. For example, the contribution
of hydrogen bonding could be studied by comparing the incorporation rates of an adenosine
nucleotide to an analog that replaces the C6 amino group with a methyl group. In addition
to mechanism information, nucleotide analogs that incorporate more quickly than natural
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nucleotides could be used to further increase the speed of PCR, provided the analogs have
sufficient base-pairing specificity to maintain fidelity of nucleotide sequence.
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Table A.1 Hairpin templates with varying GC contents
 
0 -1.79 ND2 70 
attattataatattaataatggaTCTGCTCCCGCGGCC
GatctgCCGGCCGCGGGAGCA 12 -1.77 ND 69 
gttgtaagtatatgtttattataacTGCTCCCGCGGCC
GatctgcCGGCCGCGGGAGCA 20 ND ND 76 
gtcaaatgacgttatcgttatattcTGCTCCCGCGGCC
GatctgcCGGCCGCGGGAGCA 32 -2.06 ND 82 
gtccaatttaagtcgaagtatcagcTGCTCCCGCGGC
CGatctgcCGGCCGCGGGAGCA 40 ND ND 84 
gagacaaccagttgggcccacactcTGCTCCCGCGG
CCGatctgcCGGCCGCGGGAGCA 
48 -1.21 ND 87 
ccaggccatgcagcagccgccacacTGCTCCCGCGG
CCGatctgcCGGCCGCGGGAGCA 
60 -1.35 ND 93 
ccaccccggcgcgttggcatgccccTGCTCCCGCGG
CCGatctgcCGGCCGCGGGAGCA 
70 -2.62 55 95 
ggccgccgccactcccgcgcgccccTGCTCCCGCGG
CCGatctgcCGGCCGCGGGAGCA 
80 -1.47 57 96 
ggcggcggcggcggcggcggcggccTGCTCCCGCG
GCCGatctgcCGGCCGCGGGAGCA 
90 -2.84 68 >100 
tagcgaaggatgtgaacctaatcccTGCTCCCGCGGC
CGatctgcCGGCCGCGGGAGCA 
1 Capital letters denote self-complementary sequences.
2 ND = Not determined. No secondary structure was calculated or no melting transition was 
  observed.
 
100 -9.61 73 >100 
 
65
Table A.2 Hairpin template with secondary structure 
1 Capital letters denote self-complementary sequences. 
Sequence1 Tm Secondary Structure (°C) 
GTACCaaggatgtgaGGTACatcccTGCTCCCGCGGCCGatctgcCGGCC
GCGGGAGCA 62 
1 Capital letters denote self-complementary sequences. 
Table A.3 Hairpin template with oligonucleotide probe 
Sequences1 






1 Capital letters denote self-complementary sequences. 
Table A.4 Hairpin templates with single-base repeats 






Table A.5 Linear templates with primers having varying melting temperatures 
 
Sequences Primer Tm 




































A PROPOSED KINETIC MODEL OF PCR
The kinetic model of PCR described here is a deterministic model based on the reactions
comprising PCR. The mass action equations below describe the key processes in PCR.
























E ·H1,n + dNTP
ka,pol1(Θ)−−−−−−⇀↽ −
kd,pol1(Θ)
E ·H1,n · dNTP
kpol1(Θ)−−−−−→ E ·H1,n+1 (B.6)
E ·H1,n+1 + dNTP
ka,pol1(Θ)−−−−−−⇀↽ −
kd,pol1(Θ)
E ·H1,n+1 · dNTP




E ·H1,n+m + dNTP
ka,pol1(Θ)−−−−−−⇀↽ −
kd,pol1(Θ)
E ·H1,n+m · dNTP
kpol1(Θ)−−−−−→ D (B.8)
E ·H2,n + dNTP
ka,pol2(Θ)−−−−−−⇀↽ −
kd,pol2(Θ)
E ·H2,n · dNTP
kpol2(Θ)−−−−−→ E ·H2,n+1 (B.9)
E ·H2,n+1 + dNTP
ka,pol2(Θ)−−−−−−⇀↽ −
kd,pol2(Θ)
E ·H2,n+1 · dNTP





E ·H2,n+m + dNTP
ka,pol2(Θ)−−−−−−⇀↽ −
kd,pol2(Θ)
E ·H2,n+m · dNTP
kpol2(Θ)−−−−−→ D (B.11)
Equations B.1 and B.2 describe association of both sets of primers (P) to their com-
plementary templates (T) to form primer-template hybrids (H). Equation B.3 is the
association of template molecules to form full length duplex (D). Equations B.4 and B.5
are the binding of polymerase (E) to primer-template hybrids. Equations B.6 through
B.11 describe processive nucleotide incorporation during polymerization where E ·H1,n+1 is
E ·H1,n extended by one base pair, E ·H1,n+2 is extended one base further, and so forth.
Equations B.8 and B.11 represent complete polymerization to form a full length duplex.
Rate constants are represented as a function of temperature, Θ. These are obtained by
measuring rates of reaction over the range of temperatures being modeled. Forward rate
constants for primer and duplex association can be obtained from annealing studies using
a stopped-flow instrument as suggested in the Conclusion. Dissociation rate constants can
be obtained from denaturation studies by fast melting of oligonucleotide duplexes.
The release of inorganic phosphate as well as release of duplex upon completion of
polymerization are both ignored in this model. The model can be further simplified to
reduce the number of experiments required to obtain rate constants. A previous study found
that binding of polymerase to template-primer hybrids is a negligible step in extension [1].
The primer-template hybrids H1 and H2 are immediately converted to E ·H1 and E ·H2,
and Equations B.4 and B.5 are simplified to forward reactions with rate constants ka,EH1(Θ)
and ka,EH2(Θ), reflecting a fast reaction on the order of diffusion. Also, dNTP is used in
PCR at concentrations >>Km and in large excess of primers. The concentration of dNTP
will not change substantially throughout PCR and it is expected that the rate of dNTP
binding will remain constant. Therefore, Equations B.8 and B.11 can be simplified to
E ·H1,n+m · dNTP
kext,H1(Θ)−−−−−−−→ D (B.12)
E ·H2,n+m · dNTP
kext,H2(Θ)−−−−−−−→ D (B.13)
where kext,H1(Θ) and kext,H2(Θ) are the temperature dependent extension rates and are
measured using the polymerase extension assay developed in this work.
Equations B.1 through B.13 can be described by a series of ordinary differential equations





= −ka,H1(t)[P1][T1] + kd,H1(t)[H1] (B.14)
d[T1]
dt
= −ka,H1(t)[P1][T1] + kd,H1(t)[H1]− ka,D(t)[T1][T2] + kd,D(t)[D] (B.15)
d[H1]
dt
= ka,H1(t)[P1][T1]− kd,H1(t)[H1]− ka,EH1(t)[E ·H1] (B.16)
d[P2]
dt
= −ka,H2(t)[P2][T2] + kd,H2(t)[H2] (B.17)
d[T2]
dt
= −ka,H2(t)[P2][T2] + kd,H2(t)[H2]− ka,D(t)[T1][T2] + kd,D(t)[D] (B.18)
d[H2]
dt
= ka,H2(t)[P2][T2]− kd,H2(t)[H2]− ka,EH2(t)[E ·H2] (B.19)
d[E]
dt
= −ka,EH1(t)[E][H1]− ka,EH2(t)[E][H2] (B.20)
d[E ·H1]
dt
= ka,H1(t)[P1][T1]− kext,H1(t)[H1] (B.21)
d[E ·H2]
dt
= ka,H2(t)[P2][T2]− kext,H2(t)[H2] (B.22)
The differential equations below describe the temporal concentrations of template in




= kext,H1(t)[E ·H1] (B.23)
d[E ·H1,n+2]
dt






= kext,H1(t)[E ·H1,n+m] (B.25)
Similarly, for extension of E ·H2
d[E ·H2,n+1]
dt
= kext,H2(t)[E ·H2] (B.26)
d[E ·H2,n+2]
dt







= kext,H2(t)[E ·H2,n+m] (B.28)
Equations B.14 through B.28 can be solved numerically to calculate the concentration
of each species during PCR. A number of numerical analysis methods may be used, but
the simplicity and stabilities of the trapezoidal and Fourth-Order Runge-Kutta methods [2]
make them appropriate choices for this model.
The rate constants in equations B.14 through B.28 are a function of time, rather than
a function of temperature as is the case for rate constants in Equations B.1 through B.13.
Temperatures fluctuate with time during PCR, therefore the numerical algorithm must be
presented with a new rate constant at each time step. Rate constants as a function of
temperature are obtained with kinetic studies over a range of temperatures. These are
combined with simulated or measured thermal cycling data to obtain rate constants as a
function of time as described in Chapter 5.
The efficiency of PCR can be calculated as the difference of the concentration of product





The times t and t0 would correspond to the same temperature of thermal cycling, separated
by one cycle.
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APPENDIX C
LINEARITY OF FLUORESCENCE WITH
LENGTH OF DOUBLE-STRANDED
DNA
In response to a question concerning the linearity of fluorescence with polymerase
extension of a template, the following experiment was performed.
C.1 Methods
The fluorescence of hairpin oligonucleotides with varying lengths of double-stranded
DNA were measured using real-time PCR instrument (LightCycler 480, Roche). Final
reaction concentrations were 50 mM Tris, pH 8.3, 3 mM MgCl2, 1X LCGreen Plus (BioFire
Diagnostics), 200 µM each dNTP, and 100 nM oligonucleotide. Fluorescence was collected
at 37◦C and each oligonucleotide was measured in triplicate. Oligonucleotides consisted of
a template used for the studies in Chapters 2 and 3 (Figure C.1 A) and blunt-end hairpins
corresponding to template extended by five base increments (Figure C.1 B-F).
C.2 Results
Fluorescence was linear with the length of the double-stranded region of the hairpin
(Figure C.2). Large well-to-well fluorescence variations are inherent with the real-time
PCR instrument and are reflected in the error bars.
C.3 Discussion
Linearity of fluorescence with the length of double-stranded DNA justifies using initial




14 bases 20 bases
E
14 bases 15 bases
D
14 bases 10 bases
C
14 bases 5 bases
B
14 bases 25 bases
F
Figure C.1. Oligonucleotides used to assess linearity of fluorescence with length of
double-stranded DNA. (A) Hairpin oligonucleotide template. (B) A hairpin representing the
template extended five bases. (C) A hairpin representing the template extended ten bases.
(D) A hairpin representing the template extended 15 bases. (E) A hairpin representing the
template extended 20 bases. (F) A hairpin representing the template fully extended.
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Length of duplex (bp)
Figure C.2. Fluorescence of hairpin oligonucleotides increase linearly with the length of
double-stranded DNA. R2=0.983.
